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PREFACE 


The present edition is a thoroughly revised and somewhat 
enlarged version of the eleventh edition. A special attempt ha*- 
been made in this edition to correct the many numerical inaccu- 
racies which had inadvertently crept in the worked out examples 
and exercises ; in this labour I have received ungrudging assistance 
from a few of my research associates, specially from Sri Tilak 
Guha, M.Sc. to all of uhom mv earnest thanks arc due. Many ot 
our Professors have helped me by offering suggestions and informa- 
tion and by pointing out mistakes, inaccuracies and incongruities to 
all of whom 1 am greatly indebted. On this account my special 
thanks arc due to Dr. M. N. Das. D.Sc.. Jadavpur. Prof. R. D. 
Sharma, Jodhpur. Prof. C. M. Gupta. Kota. Prof. M. S. Murdia. 
Udaipur. Prof. S. C. Bhattacharya. Midnapur. Prof. V. Gopala- 
krishnan, Annamalainagar. Prof. Y. V. Lauandc. Bombay. Prof. 
P. S. Sastry. Bijapur. Prof Serajul Islam. E. Pakistan, and other-. 
I hope the book will continue to render its humble service to the 
cause of science education in our country and neighbouring ones. 


June 25, 1956 
I.A.C.S. 
Calcutta-32 


S.VNTI R. P.VLIT 


PREFACE TO THE TENTH EDITION 

In our country whose people care famed from dim anticpiitv 
to the present era for abstract reasoning, the incongruous fact 
remains that in both quality and cpianiitv non-physical dicmisis 
have stolen a march over physical chemists. And. though the 
standard of teaching has vastly impro\cd during the last decade 
or so, the lamentable fact is that in many Universities a set 
of old stock questions hardly doing any justice to piesciu-dav 
Physical Chemistry supplies almost all the materials for i he 
question papers. As a result, most students pm onlv a halt- 
hearted cflori to learn the subject as a connected whole. 1 he 
malady is accentuated by the appearance of a few so-called teM 
books which arc merely note-books on selected topics, very ()Ucii 
full of mistakes, fallacies and misstatements. This situation i- 
fraught with grave consequences on national level. 

The present edition is an uncompromising attempt to cminu r 
ihc above lapse in the nation’s chemical education h\ piocucin., 
a well-knit text-book, though on a very elementary Ic'c . cxposin,.^ 
the elegance, subtlety and logical pattern of the . cicncc o 
Physical Chemistry with the simplicity and clarity of prcscntaimn 
for which the previous editions ucrc noted. 1 his c Liucntary hoo 
would therefore help the Mudcuts to learn fhc subject as a 
scientific discipline and also to face the University degree cx.imi 



^ • a view to this, extensive additions have 

been made and at many places the book has been recast, rewritten 
and reoriented, with tlte hope that this would be altogether for 
the better. 

In this major remodelling of the book I have been helped 
by suggestions from many Professors, my debt to whom is a 
pleasure to acknowledge. I specially thank Prof. P. V. Appu, 
Palghat, Prof. M. Bhalc. Indore, Prof. C. iM. Desai, Ph.D., Indore. 
Prof. K. K. Dole, Ph.D.. Poona. Prof. J. N. Gaur, Ph.D., Jaipur. 
Prof. A. N. Haider, Bankura, Prof, D. Krishnamurty, Bikaner, 
Prof. V. V. Narasimha Rao, Guntur, Prof. M L. Pai, PhD 
Baroda. Prof. B. B. Palit, Contai and Prof. R. P. Shiikla, Ph.D., 
Indore ; and also Prof. A. K. Bhattacharv'a. D.Sc., Agra Prof 
D. K. Bose. Calcutta. Prof. P. K. Bancrjcc,' D.Phil., Calcutta and 
1 ror. R. S. Saxena, Ph.D.. Rajasthan, for estwhilc suggestions. 

it is earnestly hoped that the present edition prepared with 
the cream of experience of so many, would continue to enjoy the 
support and patronage of Professors of Physical Chemistrv 
throughout the country as it has been privileged to do in the past. 
Indian Associalion for \ 

the Ctdlivaiion of Science S R PAT tt 

Ca!cutta^32. Inly 1o. inr^r. J -K. lALll 


Extract from the 

PRFFACI- TO THE FIRST EDITIOX 

1 .f present volume has been to place 

hOorc the .-students the fiindamcmal ideas of theoretical 
rlu'mistrv on up-to-date lines in as simple and clear a manner 
as pnssihlc and to cNphtin hiridlv the method^ by which these 
ahstrnd ideas air made to hear upon actual problems of phvsi- 
‘ i! chemisr v. The hnol is primarilv in ended for the students 
preparing for die Bathclor’s de-rce course in pass standard of 
himaii Iniversin.s ;„kI ... I Inne aluavs had in mv mind an 
m em.on in evoke m the .tndenP an interest for the subject 
and nor make it onlv n crnin-lmok for examinations. 

^rv ohjm has not been so mneh to uivc a complete presenta- 
n.. r,f each sub, ccr np m the Ian word on it as m explain 
hnrou;J,K. the elementary principles and their applications 
hace uorkfd nnt nnmerniK problems ccbidi. I am sure will 
prove helpful even to the TIononrs students. 

T must avail myself of this opportunity of cxorcssinfr ,t,v 

t ; t- ;:l,£ ? 

yislu r- and colleagues, hiir for wliose kind help and cn'o ’ ' 

■t would hate been impnsdhlc to bring ont ^ 

' inVAS:.\(, \R Cf>I.!.F(.F \ 

ftine. J. 

Calcutta. 


S. R. P.AUT 


Chapter 


CONTENTS 


I. 

II. 

III. 

IV. 
V. 

VI. 

VII. 


VIII. 

IX. 

X. 

XI. 

XII. 

XIII. 

XIV. 
XV. 


XVI. 

XVII. 

XVIII. 

XIX. 


XX. 

XXI. 


XXII. 

XXIII. 


XXIV. 

XXV. 
XXVI. 
XXVIl. 


Pace 


Part I. Properties of Some Simple 
Physicochemical Systems. 

Introduction ... ... ... ... li 

The Ideal Gas and its Kinetic Molecular Theory '> 
Real Gases ... ... ... ... 2() 

Molecular Weight of Gases. Dissociation ... 

Gas-Liquid Transition. The Liquid State. ... -hi 

Solid and Crystal Structure ... ... 59 

Physical Properties in Relation to Molecular 
Structure ... ... ... ... 7.' 


Part II. Thermodynamics and Physicochemical 
Equilibria. 

First Law of Thermodynamics 
Thermochemistry 
Second Law of Thcrmodvnamics 
Solutions: General 

Physical Chemistry of Dilute Solutions 
I. Osmotic Pressure 

II. Lowering of Vapour Pressure and Related 
Properties 

Homogeneous Equilibrium 
Heterogeneous Equilibrium 

Part III. Electrochemistry 

Electrolytic Dissociation and Conduction 
Ionic Equilibrium 
Electromotive Force 

Acids and Bases; pH and Indicators ... 

Part IV. Passage Towards Equilibrium. 

Speed of Reactions 
Catalysis 

Part V. Surface Chemistry. 

Adsorption and other Surface Phenomena 
Colloid Chemistry 


m 

i()."> 

125 

140 

173 

185 

208 

227 


211 

259 

278 

294 


311 

827 


337 

344 


Part VI. Structure of Matter. 

Atomic Theory in the Pre-electron Era •• 359 

Elementary Particles. Radioactivity ... 307 

Nuclear Theory of the Atom ••• 378 

Electronic Theory of Valency ••• 393 

Index 




CHAPTER I 

INTRODUCTION 


Growth of Science — In ihe workliouse of imagination reason 
moulds experience into science. Human experience as such ne\ er 
constitutes a science but is merely a loose collection of facts anil 
though important is hardly interesting by itself. Men as thinking 
and speculative beings attempt to order these into a satisfying 
pattern clearly highlighting the coordination and corrclaiiim 
among the various sets of facts, and the resulting coordictated 
pattern of knowledge is science. 

The individual human wit being ve^y meagre in its scope aticl 
the heritage of collected facts growing bigger and bigger from 
generation to generation, science divides and subdivides itself into 
intermergtng Ijranches and sub-branches in its onwaril march. 
The line of demarcation between two divisions of scieitcc beitig 
necessarily hazy and conventional, border-line subjects when 
interests overlap and which can stand as a common meeting 
place, naturally come into being. 


Physical Chemistry as a Scientific Discipline — IMiysual 
Chemistry is one such border-line subject where rigours ol 
mathematical reasoning and the lofty imagination of physicists 
are welded together to illuminate varied chemical phenomena 
with telling ami beautiful results. Like any other branch of 
scientific knowledge, its advances have been made tlnough 
svnthetic as well as analytic approaches, through framing ol 
tlieorics and hypotheses, through strict deduction and soaring 
imagination, the expediency dictating the mcihoil used. So, ii' 
main objective is to arrive at an tmderstanding of chemical 
phenomena and facts by following strictly scientific methods. 

Law, Hypothesis and Theory — From observations ami 
experiments facts accumulate, anti from this collection of fait> 
one, in the course of sorting out similar facts, finds out some 
generalisation valid for a group of these facts. If this generalisation 
can enil)race a large number of facts and is not fouiul failing in a 
single case so far tried, it is termed a Imiv. 'I l>e law td tonsei' '- 
tion of mass is truly a law for within its .scope it h.as always l)e(’n 
found to be true. 


There is another scientific method, often used, whiib lias 
contributed much towards the development of science. Tliis i^ 
the framing of livpothesis. An imaginary model is framed so iliar 
the expected proj)eriy of the model corresponds to the known 
property of the system under investigation. Such a bolil conjec- 
ture constitutes a hypothesis and taking for granted the truth ol 
a hypothesis, facts arc explained on its basis. 

A hypothesis, though of a speculative origin, shoultl on no 
account be regarded as a drill of imagination only. On tlie othci 
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liand, it has been most fruitful and illuminating in the pursuit of 
science. It suggests new experiments to test its own validity and 
opens up newer avenues of research. If further experiments reveal 
tlie insufficiency of a hvpothesis, it is either to be rejected or modi- 
fied but whatever niav be the result, lasting gain always accrues to 
science for, bv this means wc have been able to add fresh stocks 
to our store of knowledge. So. a hypothesis is always on probation 
only, and on the first failure should be substituted or modified, 
without any consideration of its past service. “Accordinglv. a 
hypotliesis is not the end but rather the means of attaining 
the end.” 


When a liypotlicsis is found to be in harmonv with all the 
known facts in a given field, it is pronnued to the rank of a 
theory. The distinction between a theory and a law' is that a 
theory often invf)lvcs detailed consideration about the structure 
of matter whereas a law is just a summarising statement on the 
liehaviour of nature. 


Main Streams of Physical Chemistry — ’J'herc are two general 
|)i'ol)lems which are most fundamental to physical chemistry tmd 
the major portion of the elToris of physical chemists is spent on 
them, riicv are the pro}>lems of chemiial e<|uilihria and chemicai 
kinetics. In oilu-r words, tiur primary (oncern is a knowledge 
ahour where tlte i’(|ui!ihriun^ position will he in a ■:iven ihemiial 
leaition and how last that etjuilihrium will 1 h attained. Following 
I he high mail of tiici inodvnamii s a satisfactory solution of the 
fii'-t problem has hirn. at iea.u in principle, achieved, wliereas a 
good st.iri lias of late liten made tow.irds tlte solution of ilie 
lechnicaily importani -eiond jimhlem. Besides these, the (Ict.iilcd 
knowiedge ol .aiomir sdiiciure as revealed hv physicists has been 
M TV ahiv Used Iw piiwiial chemists to understand the nuist liasic 
pmldem in chemi--irv. viz,, how and whv atoms combine. 


'I'hc'C sidijut- along \\itli some imrodiictorv matter and 
'•nine le'-s imulamei’ial but otien practically more important topics 
I'oidd he our •suldcM <)f study in the present hook on a verv 
oleincniarc level. 


CHAPTER II 


THE IDEAL GAS AND ITS KINETIC-MOLECULAR 

THEORY 

The Nature of Gases — A gas may be defined as a homoge- 
neous substance whose volume increases without limit when the 
pressure on it is continuously reduced, the temperature being 
maintained constant. Gases are further characterised by the 
property that when different gases in any proportions whatever 
are brought into contact they diffuse rapidly into each other 
and form a homogeneous mixture. 

In contrast with solids and liquids, gases are charac- 
terised by low density and high compressibility. Generally 
speaking, under ordinary conditions ^ases arc about one thousandth 
as dense as lujuids. In point of compressibility, however, the 
difference is much marked, liquids being about one hundred 
thousand times less compressible than gases. 

It should be clearly emphasised at the ouiset. as is to I e 
proved later (Ch. V) that there is no sharp dividing line between 
llic li<iuid and the gaseous state and in cerram motles of transinon 
it is very difficult to say where one state ends and the other beginv. 

The Gas Laws— A very striking fact about gases is that, 
indenendent of their chemical nature, they approximately obey 
certain very simple laws with regard to their physical properties. 
Tiiere arc three laws regulating the pressure, volume and 
temperature of any gas, which are enunciated below: 

1 Bovle^s Law (\VyC>2)—Tcm.lycrature renuhniw^ constant, 
the volume of a given mass of gas is inversely prohorltoiial to the 

irressure i. e. expressed algebraically. P« ^ "i' VV^conslant 

{ill constant temperature). 

2 Charles’ Law (17H7) or Gay Lussac’s Law 
Pressure remaining constant, all gases expand or eontiact by tfu 
same fraction of its volume at zero degree centigrade per degre 
eluoigc in temfyerature. In other words, the iiure.ise m voluim 
per unit volume per degree rise in temperature is constant amt 

etjual for all gases. 

Hence if V„ and V arc the volumes at o"C and t’C respectively. 

(V~V„VlV„ xt) = constani. say. j. 

or V = V„(l-t-ai) 

Now a has been experimentally found to be equal to l /-<d. 

V/V„={278.1+t)/273.l' 

If wc define a new temperature scale and let it 
minus 273.rC and call this absolute scale of temperature. 

by T. wc have 

V/V„=T/T„ or VJV,= r,/T, 
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Hcncc Charles* law may be alternatively stated as follows: 
Pressure remaining constant, the volume of a given mass of gas 
ts directly proportional to the absolute temperature. 

3. /]/ constant volume, the pressure of a given tnass of gas is 
proportional to the absolute temperature, i.e. expressed algebraically 
1’ « T or P/T=co/I5L (at constant volume). 

The above three laws are not independent, and given any 
two, the other one can be very simply deduced. 



I'l'-'- 1 — l.''r)tluTiiialh Ilf Itlc.il 
(iHiylf's l.av.i; i', 


J'iii. 2 — Isiiliur.*; of Iilenl (lase^ 
(CliiirU's’ L:nv); ;>,>/' ■>/», 


boyk's law iji ■aphi{ ally represented stjuared paper, i)V 
pinning pressuri' against the vohinie. The tin\es obtained are 
iaili.d ^‘^'^!lu■n)l(lh and are <if tile rectangular hvperbola tvpe 
dig. I. Siinilarb. C'.luirles' law is grajihicallv represenieil bv 
pl'Ktiiig Miliiim- against absoliiie teinperaiiire wlien we get 
•traiglii liiK - iiuliiud tn the axes and passing throtigh the origin 
i.idicaiing liiai the \nliiine of a gas theoretirallv \anishes at 
/ir,» (i-ig. Ui. tunes in Fig. 1 are called isothcnnals 
'Mar iluv iepi<''(Mi ilie behaxioiir of gases at consiaiu tempera- 
I'Mc. and III 1-ig. g are calkd isobars since iliev refer to 

■" o’lotaiit pii''suri- (/\«>:-same. /»<// pressure). 

Cumhinalion of Hoyle’s and Charles* Laws — The gas laws 
' "■ " .N- i'imihhI in a '•ingle eipiaiii'ii liv well ktiown 'methods 


■ ' !'.! a*- f<'ll,i\vs: 


J' pia-one. \ohime and T aiisolitie lempei aiure of 


• * 

1 - III ,1 g.t-«. 

\ 

1 

\ anes a^ 


P 

■ i \' 

tries as T 

. \’ 

1 

1 .tries as 


T. wlun ail «if tceMi \:n<. 


\' con.statii 


r 

V 


I’V 


or. 






Or. PV- rr 
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i.e. die product of pressure and volume of any gas is proportional 
to the absolute temperature. 

Ideal Gas Equation— At any given pressure and tempera- 
ture \he volume of a gas is proportional to the amount of gas 
present and so the value of k in the foregoing equation is proper- 
ITonar to the amount of the gas taken. Now according to 
Avogadro’s hvpothesis. a gram-molecule commonly called mol 
Imollcular weight expressed in grams) of any gas occupies the 
Line volume under the same conditions of temperature ami 

The value of the constant, k is the same tor one 
of oil ^ases, independent of the condinons under 

wliich the oases arc measured. This value of the cuust.mt. k 
referred to ^)er S''''" o'oleculc. is usually represeuted In R aud 
L cahetl thr»,o/«r K«s co„s„n„. The et,uauou theu ass.uues 

the familiar form; 

PV = RT 


( 11-11 


wliere V is die volume of one ^rnm-nialccnlc of any gas. under 
a nrcssure V and at an absolute temperature T ; equations sucli 
-IS these eorrelaiing the pressure, volume and temperature au 
called eciuations of state and st) the above equation is calle.l 
equation of state of an ideal or perfect gas. 

The equadon of state of an ideal gas. PV=:UT is applicable 
to one gram molecule (hencefordi to be called MOL), bm d duic 
are present mols of a gas the e.p.aiion assumes the iorni 

Ihe'ri^ht hand side is to be multiplied by n. U 

•g’ gms of a gas of molecular weight M. then evidentU 

umuher of mols, „=s/A/ uud thetelote. 1>V . « RT. The follou- 

iug are the three alternative forms of the ecpiatiou of slate ol a 
perfect gas:— 

(i) PV = RT valid for one mol. ■■■ (Hi 

pV=nRT ■ ■ valid for any amount (i'-d 

... (HAI 


(m) PV=^^RT 


■do- 


A similar e<luatiou is applicable also to gas uuxuites I. u/e, 

Ch. Vlll). , . 

lu the above etmatious, l> autl V u,ay he 

svstem of units with a currcspimdm); ‘ . I | i|,.ol'Ue 
u'umerieal value of R, hut T is to he t.lways expresse.l ut ah 

sc^ 1 c 

Ideal Gas Equation and Real Gases, 

au t^sRe dtRc of temperature an.l pressure 
h is at^KS, a represeuta.iou of the average hehavo.u of .tal 
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gases under ordinarv conditions, and is a code of conduct .\hith 
we hope ail well-behaving gases should aim to follow. 


per Mot in 

ttl X. 

7’./-*. lor St, me Common OasKs 

/\'7fcct fjas 

... 22.415 

Ari:oM 

... 22.390 

Hvilroiren 

... 22.452 

( liloririv 

... 22,063 

^ % 

Helium 

... 22.396 

C.irhun <Hoxi*!c 

... 22.263 

XUro;iei; 

. 22.403 


.. 22.172 


. . 22.392 

KiUvloru* 

... 22.246 

A mntoiu:i 

22.094 

Ai cIvUtic 

4 

... 22,005 


Fho P\'-values for a few real gases at X.T.P. as collected in 
the above table, clearlv show that this value is not cxacily the 
same fur all gases. Hydrogen occupies a slightlv higher volume 
ilian tliat of a perfecT gas and ihe other gases occupy a little less 
\olume. Tile most signilicant fact, however, is that this viiluc 
IS i-xtictlx till' saiiir (or till at stiffidrnilx !o:c pressiin' 

and is ecpial to K'l’. In plain words, wliatever mav lie the Milne 
<tl i^\’ ol (iii\' — it does not matter whether it is higher or 
hiv.ir than the perfect gas value — this \alue would change with 
lowiring of pressure to nltimaielv attain the perfect gas value and 
hirtlur redmtion of pressure would 'eave ibis value unatTectetl 
So. the ideal gas eipiation mav be regarded as a limiting law valid 
Inr all gases under the iimititig conditions of zero nressuti . 
However, for manv purposes. >peciallv at moderate i ressiires and 
awa\’ Irom its eoinlen.'aiion li'inperaiure. we sliall la' tising t!i" 
ideal or perti-(t gas erp’iuion to desirilu' tin- bcluuiour of rea' 
g.ises hecuisir the perfect gas approximation is good enough fnv 
piirpose lor smh applii aiions. 

^Io(l^lk'(l I'onn <*f the Ideal Gas Fqualion Ihr r.iniT.i uu, ('i|ui 

I to • <>M vl.lt r* V. 


nl P 


r 1 .1 


Ml I ’*1 / 


I 


f 




ft 


t;r 

\I 


II 


[ 


/ h 




i.i 




< T ! 


l'\ \\ 


I , i 


HI . : 


Ol.. 


ri ; ' 1 1 1 . o: 


I 1 

II 1 • 


very 

' . Iinpli', .e I 


I 


'! . t . t . i'T 't MU It U hi 

I ‘ . >1 '• t . '\’\d . 1 ' 

'01 ! » v.ith !i ;i inufo’M' toi' ■\\\%\ (tw 

• df i' *: III 


Dimensionr. rif the Molar (.ias ('onstont, K I'lu- -as ,0:1- 

•f'l'u. K i, a,,; iu .disri'.Kt munln 1 Imr has ilu dimensions oi 
p: r de.iiee per uiol. .ind its nuine'i.a! lueasine eill ilur.- 
'ore .-.irv in different svstriiis of -jiiit. That R has rlu- dimen- 
s' >•' of enerev dixidid bv temperaturi mav be pi-uid as fellm\s 
1' ■: one mol ol a perhat e.'is. We ha\e 

.. l'\ 


[’ I'll’'- i i (' r .• I •• f nr' ,1 .•> . .j', » - 

s.i. n ’ - M.iTM’ , . . . ' ’ 

1 


I « .1 


Ion t . ujsi ;i!j . 

I ' IIMm 

T* ' « 'i : I* Kh i •, 1 •• 


I ' 1 1 • t * 

[ i 'U ' 
n* . It, 


. 'll 
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clviiesxcm’ 


Alternatively, - 


dvne X crn 


er«: 


V » ^ 

ctir Xtemp. decree * <k*yrec* 

per inoi. 

= (neTiji/ jicr degree absolute per mol. 

and since energy can be expressed in different systems of imits as 
ergs, calorics, etc. R will also have different values in these 
different systems as calculated below. 

VALUES OF R 

(a) R in C. G. S. Unit— From the experimentally 

fact that a gram-molecule of any gas occupies '2'2-l litres at N.l .1 

R is calculated as shown below— 

Normal prcssure = 70 cm. of mercury 

= 76x13-6x081 dynes per s(p cm 

[Density of mertury= 13-6 and g=081 C.G.S. units.] 

PV TO X 13-6 X 081 X 22 i x lUlHl 


■ R= — - 


273 


= 8-3162 X 10' ergs per degree per mo!. 

= 8-31()2 iotiles per degree per mol 

[Since. 1 Joule- in* erg'll 

(/..) R in Litre-atmosphere— If pressure is expressed m 
atmospheres and volume in litics, 

j> _ ^ ^ =()-()82 Hire (itmosphere per degree per nud. 

■■ 273 

(c) R in Calories - 

Now R = rt-32xl0^ ergs per degree }H-r mol. 

But 1 caloric -. l-lSx 10' ergs r , 

(Mechanical ccjuivalent ol luail. 

. u-.^2ii^-i£1.^1087 calories per degree per mol. 

•• ‘'“-HSxlO' ^ ^ , 

= (nearly) 2 c(ds. per degree per mol. 

(d) R in Engineering Unils-The vMuc of R in 

per degree can be easily calcidatcd from ihc kno«n fact i ,u 
Lc pound-mol (molecular weight expressed m poun.ls) of 
gas at N.T.P. occupies 339 cubic feet. 

PV _ ^ =0783 ft ll)/degree per nu»l. 

273 

[since 1 atmosphere *= 14*7 lbs. per sq. in, 

= 14-7X 144 = 2116*8 lbs. per sq. f(.] 

ExAm.,.r 1. How n.aay ,.oun,l» ot carbon 
a vessel of capacity 1003 cu. ft. at- thro3 atn.ospl.ero pr.ss.iu 

.M. P. V. 

PV=f, XR'L’ or g= — 

(28)X(3x14-7x144) x 1(^ .?A404 lbs. 

g = f2783) X (273) 
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The cheniiial eiisineers often use ilcfirt’e hahrenlieit ami a proportionate 
ah.'oliite scale (dcs^rce Harikinc) in their calculations but the above example 
IS sufficient to sliow the nature <>f such calculations. For rapid appioxi- 
mato eni'ineering calculations the student should do well to reineinber tlial 
2'8 Ih mols of any pas are contained in 1000 cu. ft. at X.T.P.. i.e. a 1000 
cu. ft. '.la.s reservoir at N.T.P. contains 2'8 times the pound-mol of a gas. 

VALVES OF R IN DIFFERENT UNITS 

R = 8'51xl0' v'gs jKr degree ahfolvlt per mol 
= 8‘31 Joiilf A pi r degree ohAolute. jter mol 
= 00321 lifn -nhiionpliirc per degree ubieoliile per mol 
s= 821 rr-atoms per degree abiolutc per m»l 
=. 1'99 i iilorie.f p< r degree (}hi>nlii(e per mol 


N.B. riic Student should commit to memory at least one 
nf the \aliies iif R and it is best to remember it as ()08'21 litre 
.itmnsphcre per degree per mol. Sums in this book have been 
ui)ik(d our on this basis. Tlu* student should also note that verv 
orteii the units arc given in algel)raic notation ; for example, the 
last value of K tlien appears as 100 calories degree"' mol. '. 

rile most precise value of K. the uni\crsal gas constant ns 
given 1)V U. S. National Ibireaii of Standards is 10S71H + 
ii-diMiRl (alories pi-r degree or H ill^OS + tumo.'i 1 International 
lollies per degn e. 

kixk'i k: Moi.Kt:v!..\K i in;()Kv or idkal (.asks 

Basie Puslulatcs of the Kinetic Theor>’ — Since gases, in 
, I rii lal, dIkv -ai b 'iiujile laws, aiienipts were made to explain 
du' I'll, , he,, ,,l ;.siv. hiun a mechanical model. This model 
•'.hull i' dll nir.ioiiu- ol ilu' labours of Maxwell, ibilizinaim. 
( l iiisiiis and lah, nriinlv during |S(id-0(i is known as the kineiiv 
di' <-y\- o| wasi 

« k 

hu liuoiv i\as [ .’ lorw.nnl before the sniictiiri- of matter 
•- iMidc istooil bin t,. .( ’Tiuless ii lia-- litcn exiremelv iiselu! as 
tb''''T!(al ha-iv j.ir j:-ti i pre ting tlu- properiies of gases. The 
nial jio-nilaii s <,| jJie kiiu-tic tbeorv arc the following: 

I I'he kineta ibrmv .i".ui!ics ili.it a gas i«. imuK- ii|) of an 
:i.dv large miinber m minute panicles (tlu- molemles of 
fie ilu-oi'c .ill having ilie '■aiiie Mia>-. The molecules 
| .wc,l To heliave liki solid, splicviial and rltistic 

!i - having no ain.iiilon lor each 'Uhir. 

.h- The tnoliciilc' .are mining at random in straight lines 
I h!..'l- veioiitiis i.-niirgoing il.aMii collisioio v.iih each other 
I aiai:i-: ihe wal'- of the eontaiiiing vcs-;--!. ’fhe pressure 
■ a -Uii hv ,• g,i> is due le. the voniiniio!’' ho’..|.;,.,],i,,.,|[ 

'•'all- I ' il.i loiitaiuin;., ViS.icl ! v the g.n moliM.ics result ol 

iheii' (li.niiii motion. 


>i;s' \ . till • . i* • ; ' !• 

’•lil Kv 1 HI untril».r / \ 'i t;. 


hiMl 'hi' wails 
tfU'n lluwv 
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le,s room tor moUc. ; .his oxp.sins why .he pressure ."crr»» l 

when .he themselves of a very small dimension. 

their actual volu.ne being negligible in comnar.son w.,h the space 
their disposal i.e. the volume of the vessel. 

ra. Laws from Kinetic Theory -Let ..s imagine a ce.aanr 

::;^r?::/l.n ...ass ec,ual ,o m. The -Icc.^-.e ,no.a..g 

a. rando... .vi.h .lilTcren. S n c h" , , ,^t,ge 

railed the root-mcan-squarc-spccd. vide P. 12). J^ince ^ 

rd ire we mav regard that all molecules are moMii^ v ith 

^ r. velocitv c in all pnssiblc directions and let us caknlate 
same , yll Concentrating our atienium upon 

to the sides Ali, AC and AD of the con.a.nmg vessel. 

The component u parallel to rlfi, has effect ™'V 'X 

Af'Fn and the wall opposite to it . it has got no ». 

'^^fr^w'dk The molecule strikes with the velocitv » an. rehomuK 
r the same nVio w^ since the walls and the m.ikfnU s behave 
; . V!-t dr astic solids. So. the momentum lu-fore colhs.on 

in dirdireciion Ali is tim and after collision in the same dneeiion 

is - mu (Fig- 4). . . , 

Hence, the change of momentum per tolh-mn -oi igi 

jnomcnium - final momentum = mu - ( - mu) = 2mu. 

t 





kU 


mu 


L-ij. 4_('liantii; «>f iiioimMilfin' "h 
rc'boinul fniiu wail. 


particle suffers one collision alter eacn t -r. . 

* ... . „/• _ if So the total change 

total number of collisions per sec, ^ 

„l momentum per sec. due to the eo.nponen. » is , ' ' 
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mnc- mnc' 

l':r ~ (Smcf 


Similarly, the change of momentum per second for the other 

two components and w arc — and respectively. 

Therefore, the total change of momentum in one second per 
molecule = (ir-M’= + a'-) 

2inc- -c- t j . 

= ——(Since, by dynamics, = »* + + a>=) 

If there arc K particles present, the total effect on the walls 
will be multiplied n times. Therefore, the total change of 

momentum for all the particles per second is equal to ■ 

But, according to the second law of motion, we know that 

1 ie rate of change of momentum is the impressed force. Now 

ihe impressed force the total pressure on the six walls of the 

c lihe IS equal to />xC/-. where /> is the pressure per unit area and 
' IS the area of each face. 

2mnc- 

.. /) = 

Or m;ic^' ... 

Ihe above deduction though made for a culx' is valid for a 
vessel of any shape, for. tlie later mav lx- imagined to he parti- 
nojud into a large numher of inliniiesimallv small cubes, the 
lotal volume of whkh is ecpiai in the limit to the volume of the 
jKiniiular vessel. The e.piation is then valid for each cube, 
bin ilie pre-sMires on opposite sides of the common wall neutralise 
' .uh other am! the onlv surface left on which the gas nressiiie 
• Kts, is (he luinvard >urla(e of the exterior tubes, which in the 
Iniiit IS eipial to die siirl.Ke <»| the toniaining vessel. 

Root-Mean-Sqiiare Speed In the above detlutiion. die speed 
c lias been for siniplidrv (ailed the .average speed but really it 
i' not die average spvul lint i^ die root-nicnn-square (r. ni. s.) 
s|ued. riic latter is cldined as //;, smmre r«,tt of //„’ mcon value 
»( the wm/rrv of the veloeilies nf all molecules. \( jIkto are say 
two moletuies moving widi velocities 1 and 7 cm per sec 
respectively their average speed i only -1 liut iluir r.m ' .need’ 
IS the square root of (I-. T-', /.c.. The reason that v ,ii.s. 
speed is to be used in the aliove (alculaiion ratber than die 
average speed, r is nuing t., die f.ut that the total kinetic energy 
with which we are csscntiallv concenieci in the above calculation 
IS simply related 1)V the usual e(|uailon to the square of the r m s 
-.peed c hut not so to ,h,. :neru»e speed. la.o, i„ ,he ubove 
example of two molecul • having speeds oi 1 and 7 cm per sec 
respectively, the total kinetic emrgv is I -- -tmT^l^ 

2 !.m.r-=No. of molecules v (r.ni.s. speed:-', lii oduT words 
the total kinetic energy of a moi of gas is l^{eh and mu .’M? 
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Hence, if n molecules have speech c,. c,. c,. c^. c,. 

respectively, the average speed, o and the r.ni.s. speed, c arc- 
given by the equations, 


Average Speed, ? = 


C 'l + Cj + Cj-f +C f> 

n 


and R.M.S. Speed, -i = 

The r.m.s. speed, c may thus he detined as the hypoihciical 
velocity which all the molecules of a gas would possess if ilie total 
kinetic" energy was equally divided among them. 

p/) Deduction of Boyle’s Law — From cqn. (j). pt’ = 5 nme-, 
we lind that for a given amount of any gas at a particular 
temperature, the right-hand side is a constant, since ni and n 
arc evidently constants and c also is constant at a constant 
temperature, for, an increase in c implies an increase in tiic- 
toiai energy of the particles, which is not possible unless heat i- 
supplied from outsicle. 

Tliercfore, at a constant temperature, /)v’ = constant, whicli i- 
Boyle's Law. 

(/>) Deduction of Charles’ Law— Since an increase in tern 
peraturc by applying heat from ouiNide must increase the kinetic 
energy of the particles, it is assumed that the mean tniiislaliotuil 
•kinetic energy of a particle is a meaMire of the lempcraimy ot 
a gas and is proportional to the absolute temperature, I i.< . 
kinetic energy « T = const, x F 

Now = J mnc^=in 

pv = ^ Total Kinetic Eiu-rgy=:consiant xT. ... (<'>i-ll 

This is Charles’ law. 


Kinetic Energy of a Gas Molecule — Equation (6) can be 
easily imt in the following forms which clearly bring forth die 
relationship between molecular kinetic energy and icmpcraiiue 

(-)-ll 


3 


RT 


(8)-ll 


Total kinetic energy = 

Since kinetic energy of translation tan be resolved into tluei 
directions, which is expressed by saying diat it has three acp^ria 
of freedom, we have 

Kinetic energy per mol ) 

per degree of freedom j ^ 

Kinetic energy per molectde\ RX._y;T ••• 

per degree of freedom J ^ N ‘ 

where kl^R/N) is called the liollzmann constant. This is m ns 
simplest form one of the most, if not the most, profound rclati 
in physical chemistry. 



14 


ELEMENTARY PHl’SICAL CHE.NUSTRY 


Since the average kinetic clicrgy per molecule for all gases at 
the same temperature is the same, it is easy to prove from equa- 
tion (o) that the pressure of a ^as is directly proportional to the- 
number of molecules per unit volume at any given temperature. 
This is a very important relation and signifies that all molecules, 
big or small, exert the same pressure at any given temperature 
independent of its chemical nature. This is rather surprising that 
a uranium hexafluoride molecule though one hundred and seventy 
six times heavier than a hydrogen molecule, exerts the same 
pressure. This paradox is easily understood if we remember that 
all molecules have exactly the same average kinetic energy of 
translation at the same temperature. 

It should be noted that a molecule may have (Uher types of 
kinetic energy besides translational kinetic energy, for example, 
the molecule mav also rotate (tr vibrate, and so may have rota- 
tional or vibrational kinetic energy, hut only the translational 
kinetic energy is ;i measure f*f its temperature, and indeed is 
proportional to absolute temperature. 

(c'l Deduction of Avogadro's Law — Suppose uc have any 
two gases at the same temperature, volume and pressure. For 
tile first gas. let the mass of eat h molecule and the total number 
of molecules he ut, and n, nspetihelv. and for the second gas 
let the corresjionding \ahie> he ui. anti ii.y Sinte the t«o gases 
are at the '^nme temper.tiure. the mean kinetic energy lor e;uh 
panicle is the satne. i.e. 


Aiiu. /•: 


‘ 'It ,c 


or m.i 


III 


. ' ;jj ,0 c. 


Dividin'/ one e.ioaiion l>v the other, wi' get u, n .. i.t-. 
ihr niimlnr "f i/.', : in c7/»f<i/ volumes of nil gases under the 

'■n.iir i.oi:di.:<>ii-^ oj leiupfntlure and pres'iure are etjual. whith is 
\v ii/.'idrri's li\ p*>ilu'i'-. 

ii/i Deduetuiii of Grahanrs Law — Tin rate of dilTiislon of 
' j.n ihron/h a porous vc-.'-e' is evidentlv proportional to the 
•o. ed of tile niolei iiles. 

I 

i^atc < r •!» •: Mtiiii <*. 


Hilt from c'fjn. :i . 1/ ‘ • Alurv J <i 

V f'l'- \ if 


Siiu L 


ffni 




^ 1 1 


lume 


deii-'iiv'. 


I 


iiensitv 


Kail of (iilli:'inii c.; . ' liiih - {d.d.an; - law of 

N d 

dillnsiwii ft'etr ;» more del. died diu lAsinii oi f •raltam'-. ],uv see P 17) 
(e) Mean Speed of a Gas Moleenle — S'/. •. '-.i ihe equation 

lre^\.nn:r- all t|nan(i!i«s ,i;e knov.ti (\r,pr r. T .an he easily 
ealitilared. Let us calud.tn the r-p-.-d .,f molecule 
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at N.T.P. (R=8-313 x 10' ergs per degree). From the abov e 
equation we have, 


Spv * 
c== or c* 




(lO)-ll 


y/ 


3 _x 8-3 13 xKF x 273 _4 Q()^x) tm. per see. 


So a molecule o£ oxygen moves with a speed greater than 
cuartcr T a mile per second, i.e. about 1000 mdes per bout , 
in other words, tbc %ced of a gas molecule 
conditions is of tbc order of tire veloc.ty of • ,p, 

fast iet-planes. It sliould be noted that the speed of a gas " ‘ ^ 

U indenendent of pressure ami has the same v alue tor .lU m )k 
Lulcs at equal T/M. Such high speeds of gas molecules exp a . 
whv a eas occupies the whole available space m any comamt 
^ aeai^st 3itv. as it is clear that such a hup- tmmber oi 
n o ecX w tif sucli enormous speed moving i.t a ebaotte manned 
"e r‘d? possible directions, tvould unif.trmlv .utd contple.elv 1.11 

•ill the* available spaces of the container. i .,i 

* It would appear from this enormous spepd of , 

traced out bv a molecule is cxtrcnpl> 

zifTzaff and many times greater than coi^ains 

Its displacement. fl ^ ^ 

A very simple experiment can ^ ] i ) 

demonstrate the above poinp as also 

that molecules move m straight lines. ^ | y'ocpoyr 

'I’he diagram (Fig. 5) is sclf-expla- ^ / x ^ \ 

naiorv. That the iodine is deposited ' 

only on the opposite side in the cv a- ^ 

cuated system demonstrates the linear ri ,. . ^j| 

motion of gas molecules, whereas in I- .' 

the other case chaotic collisions with L 

the molecules in air lead the ioclinc 

molecules astray from the siraight 5 _-i.:.s,H-rimoiiUil fl.-nK-n"- 
path as discussed in the previous jiaia df limMr piuli C'*' 

and get them deposited all over the i,.olo,uU-s. 

surface. 

Mean Free Path— The average distance ^ 

xr*r;:. Ai" 

; "ir-ti- £"1 -si i." 

has been replaced by 8/^. 


CONTAINS 

AIR 

1 N 


lOO^ 

ocpoyr 


N 




1.* 
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the quantities involved, it may be noted that CO3 gas which is 

C' ^ 

about 4A in diameter has a mean free path of about 500A and 
Nj molecule having a diameter of about 3'5A has a mean free 

O 

path of about 750A under ordinary conditions. It is tlius seen 
that a gas molecule moves more than one hundred times its 
diameter on the average in between two consecutive collisions. 


Molecular Kinetic Keture of a Gas — We can have a fairly 
clear menttil picture of an ordinary gas say, oxygen or carbon 

• dioxide at N.T.P. The diameter of the molecules is about 4A and 
the tivcrage distance of any molecule from its nearest neighbour 

is about 40A. The molecules are moving with an average speed 
of about 40,000 cm per second and thev hit another molecule 
after moving an average distance (mean free path) of about 

: so a molecule passes by many molecules before it under- 
goes collision with one of them. The number of collisions under- 
gone by a molecule per second, which is simply its speed divided 
l)y its mean free path, is thus seen to be a few billions (8 x 10“) 
per second. 


(/) Distribution of Molecular Velocities — As already pointed 
out all the molecules in a ga> do not move with the same \clocitv 
Iiiii ail velocities from verv low to very high values are presciii 
in a gas at any instant. I hc reason for this is that granting all 
nioki iiles to haw equal speeds to start with, collisions between 
uioli ailes take place at all possible angles leading to an unequal 
(listriliiition of velotiiUs. .Maxwell tir.si carried out rigid mathe- 
inarical analysis of the problem and deduced quantitative values 
lor such distribution. I'he results arc shown graphically in 
ilu- acconipaiiving ligiirc (Fig. 6) for oxygen at 0" and lOO'C. 
For any velocity, c the ordinate at c rejircscnts the fraction of 

the total number of mole- 
cules having velocities be- 
tween f and e + c/c. where dc 
is ati infiniiesiiiial increment 
of t. It ^\ill lie noted that 
very few inoleculcs have zero 
or ^erv high \elocitles, and 
at .inv icm|.'craturc there is 
a most prol)al)lc ^■elocilv (the 
niaxiniiim in each curve) and 
most of the molecules tend to 
have wiocities near to this 
j^cak value. Further, the 
lower the temperature, the 
•teeper is the distribution 
curve and also lower is the 

itio.'t juajhable velocity. 



I'i 


't: 


6 — Uist rilmtion of volov i'los 
in oxv'ion. 
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Suppose we want to know the fraction of the molecules which 
has speeds between say, 50,000 and 60,000 cm per sec. This is 
simply obtained by drawing two ordinates at the above two given 
speed*; ; the ratio of the area between these two ordinates under 
the curve to the total area under the curve gives the required 
fraction, l^t us sav that the value of this fraction is one-third. 
This means that at'any instant one-third of the total number ot 
molecules have speeds within the range 50.(MK» to 60.000 cm per 
sec and all other molecules have cither higher or lower speeds. 
Suppose at anv instant we could take the above group of mole- 
cules which is one-third of the total number and in order to 
distinguish them from the rest, colour them red. At the next 
instant or at any later time, these “red” molecules will 
sarily be within the above velocity limit of Mm) to (>0.0(K) cn 
per sec. but will have all possible values. However, still the total 
fraction of the molecules within the above speed limit will be onc- 
third of the total number because as many “red” molecules woukl 
have come out of the above range as would have entered it. In 
„th«- words, the ••complexion” of the 

remains constant though each molecule individualh takc> all 
Dossible speeds over a suflicientlv long interval of time. 

^ Diffusion and Effusion of Gases-Oraham studied the 

rate of diffusion of gases through porous meinbrancs such as 
unglazed porcelain, compressed graphite, etc «nd arri\od at the 
folUiwing law for the rate of diffusion of different gases . —Tlu^ 
rale of diffusto 7 i of ait\ gas is inversely profyortwnal to the squan 
root of its density {Graham’s Une of diffusion). In other words, a 
gas weighing say, 4 gins per litre would diffuse out only half as 
kst as a gas weighing 1 gm per litre under otherwise identical 

conditions. 

1 

Lc. Rate of diffusion «= 

The above law of Graham is cxrrcmclv useful in comparing 

the molecular weights of two gases, for molecular 
easily shown either from Avogadro s law or from perfect ■ 
equation (3-II) to be proportional to density. 

Rate of diffusion of a gas. A _ ^ / 

Therefore. gas. R y 


mol. wt. of R 


Rate of diffusion of a gas. R y mol. wt. of A 

Thus, the relative rate of diffusion 

would be 1/V/10-.1/V44 5:.') “"‘I of 

the most diffusible of afl gases. t h.s 
different molecular weights diffuse out at difftrtiu . ^ 
employed for the separation of the consiitucius f * g 

SuL and such a .Irocess of separatmu -^““e 
constituents of a gaseous mixture based on the chttu.i I i 

of gases is called rttmo/ysir. ... aiftn^iion heiiv' 

Experimental determination of ihe f mou 

rather difficult, it is customary to compare the rates o U 

2 
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of two gases through a small aperture under the same average 
pressure. The difference between diffusion and effusion is that 
in the latter case, the gas is forced out through a small opening 
of the pinhole type by some external pressure, while in the case 
of diffusion, the gas automatically comes out of a porous parti- 
tion due to the chaotic movement of its molecules. But the two 
processes are essentially the same and are governed by the same 
law of Graham. Effusion experiments are particularly suitable 
for molecular weight determination because it is equally appli- 
cable to a mixture or to a pure compound. 

If the rime required to effuse out for equal volumes of two 
gases arc to and ij, respectively, then since the time of effusion 
ts inversely proportional to the rate, we have 

to Rate of effusion of B _ /mob wt. of A 
tfc Rate of effusion of A y n^ol. wt.~of il 

The proof of Graham’s law on the basis of kinetic tlieory has 
already been given. The method of calculation of molecular 
weight by diffusion experiments is illustrated bv the following 
simple example. 


Examtu;. 2. It is oliservcd llrU 100 c.r. of piiro ozone effuse through 
u pinhole in a thin plnte in 1 min. while under the same conditions 100 c.c. 
. hlorine osiapos in 72 secs. Tbe vapour density of chlorine is 35-5 

Ht-d file niuleculn.r for:n»!-i i.f ozone. [0 = 16, Cl = 55^5] 

UaU* of effubion fo^cUlorh^e ^ ^ density of ozoii^ 

J^nte of effusion for ozone densiiy'of chlorine 

^ v'lnol. «t. of ozone ^ J m(d:;yt7of"^^ 

wl. of chlorine ^(2x^5) 



nr, tiy»i)ro\. inoh wt. of ozone = 49' iS. 


Siuf'o ('/nfir i'i n 


‘in 

‘ • 13*0. If» nee. 


(undonsed forii: of oxy^icii, its Molecular weicht must 
• of 16. Therefore tlie oxad inoJecular woiclit of 
Jilt moh ular tornuila for ozuw is 0 .. 


i 


r. 


•Vvogadro Number (N) — The number of molecules present in 
«•'" oratii molecule of anv gas is the same, and this number is 
'.•lied ,\\ogadro Nnmhcr. This is a verv important cf»n?tant 
and h.as been determined rcccnilv bv various different merhods. 
nio'^t reliable value so far obtained for this number is 
' 10-^ The studciu should do well to memorize this value 

. It is evident that the absolute weight of an atom in grams 
mst 1/X limes its atomic weight and Vnnilarlv. for the weight 
■ a molecule. This constant per c.c. u-r a gas at N.T.P. is some- 
ii'ue.s calk'd lutsihmidt number 

Tlu‘ Avo^rtdro nmihcr is «n larce (h-.i -,vi- . vi !y fr.i-rr, any idea 

uho'il It : tins idea tan he put tnrwrd -u ilu^- vav if -e fake a mol 

of any Kuhjfance. say 2 inn>- cf hydrogen rrd nin.nifv rirb molecule as 
.1 t.nins had and pnt them lo-,t hcr a ’l ean. il a ;n , 

rn* Icn of our earth to-clhcr. Th- s of the h, ..b‘r of moloL^ 

■ n a ps at ordinary pressure •- ...rdv •;» [t is rf.ncmbcrcd that 

oven m the best vacuum ov - ur.-du -*-,1 .vd,:. 

more inolcculef lhan the total h. .. -n - ap i / m rf f,,.- 
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SPECIFIC HEATS OF GASES 


Definitions of Cp and Cf— When a gas is heated the amount 
of heat required to raise its temperature through VC depends 
upon the external conditions and is different if the healing is 
conducted at a constant pressure from what would be required 
if the heating is conducted at a constant volume. So, there are 
two well-defined specific heats for gases (i) Specific heat at 
constant volume denoted by c„, and (ii) Specific heat at constant 
pressure denoted by Cp . 

(/?) Specific heat at cotistaul volinue (t>) is defined as the 
quantity of heat required to change the temperature of one gram of 
a gas through 1"C, if during the heating, the volume of the gas 
is not allowed to change. 

(b) Specific heal at constant pressure (c,,) is defined as the 
quantity of heat required to change the temperature of one grain 
of a gas through l^C the pressure upon the gas being maintained 
constant throughout the heating {of course, the volume t\dl 
change in ibis case). 

Chemists generally deal with moU, and so molar heat capacity 
ie molar heat, would enter more into our discussion. Molar heat 
is the specific heat multiplied by the molecular weight and is 
denoted by C„ = M.c, and Cp=Mcv Some npical values are 
shown in the table to follow. It is remarkable tliat though 
mercurv and helium differ so widely in their physical and chemical 
nature ^hey have practically the same specific heat. I ns is 
easily explained as shown below on the basis of kinetic theory. 

Specific Heat and Kinetic Theory— If a gas is heated ax. say. 
constant volume, the supplied heat goes (fl) to increase the kinetic 
enertrv of the gas molecules, and (fr) to increase the intra-molecular 
ener|y {i.e. energy inside the moleaile. which may be vibrational. 

rotational, etc.). Therefore, 

C„=Increase in total kinciic energy for rC+Increase m 
intra-molecular energy. 

But according to the kinetic theory of gases, for 1 nml. ot 
a gas, PV=^ kinetic energy. 

or. Kinetic energy = 3 PV = T 

(for I’C rise in temperature) 


Therefore, Cb 

where V is the intra-molecular energy, expressed in therni^al 
units. Since the value of R in thermal units is about 2 calorics. 
Cp of an ideal gas should be greater than three. 

If the healing is conducted at constant pressure, the gas 

during heating expands and therefore die heat supplied goes 

(a) to increase the kinetic energy of ^ | 

the internal energy of the molecules and (c) to do external work. 
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Therefore. Cp = Increase of molar kinetic energy per degree + 
Intramolecular energy per degree + External work. 

If during die heating, the gas expands from a volume Vj to 
a volume V.,, at a constant pressure P, then the external work 




^2 

^2 


Fig. 7 — Healiiif; a at constant 

volume ami at constant pressure. 


done by the gas is the product of ihe pressure and the change 
of volume. This is shown diagrainaticaUv in Fig. 7. 

External work 


per gm. mol 


I =i’(v,-v,)=rv,-pv. 


= KT, -KT,=K{T,-T,) 

= P (if the temperature is increased 
through rC only). 

where ‘a’ has the same signifiiance as before. 

(u) Difference between the two Molar Specific Heats — For 
any gas, the diircrcnce between the two sjiecific heats is there- 
fore. 

C;. [-«) 

=:R = 2 cals [Since. R-2 cals approx.]. 

rile table ii> follow illustrates the iruih of tins relation. The 
^ignilicanee nf the observation iliat i'p-Ct is a constant is that 
I he work tlone in expansion again>t the atmosphere is independent 
el the gas ilt>mg the work. 

(/• Kaliu of the two Specific Heats— The ratio of the two 
•jKTific beats is usually denoted by •• ami is. tbercforc, '»iven bv 
ItakingK- 2 ajiprox.), ’ 


''"C'm-i-n 


O - (I 






-T 


The value of tlic above fraction always lies between 1 and 
l t)l) { iiml therefore - the r..-/2n of the tz:o sbccific heats 

IS a frachoti 'uhtch ah'avs hes hel-^een ] and lu'tl The following 
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table of specific heats for different gases brings out the trutli of 
the above statement. 

If a gas is 7 nonatotnic there can be no energy within the mole- 
cule due to the vibration of the component atoms and ordinarily 
there is no rotational contribution to the energ)' i.e. for such a 
gas. a=0-, therefore, for a monatomic gas y=| = l-66. This 
relation has been used to decide the monatomic nature of the 
inert gases and mercury as shown in the tabic. 

N.B.— It remains to be pointed out that in Ihe relation, -Cp = R. t ^ 
and are molar heats wherea.-- in y = ^'p **“■' ^ p ^ » tonus .no 

eitlicr 'molar heats or specific heat^ for they are expressed in terms of 
a ratio. 


Molar Heats of Gases 


Gas 


lleliiim 

Mercury vapour 

Hydrogen 

Oxygen 

Carbon dioxide 
Water vapour 
F.lhcr vapour 


s 1 



t 

50 

3-0 

1-66 

50 

30 

1-66 

6-88 1 

4-88 

1-41 

6-96 

9.55 ' 

4-96 

1-40 

7-55 

1-30 

8-65 ' 

6-65 

1-28 

27-8 

• 

25-8 

1-08 


.Mol. Coni(»le\ity 


Monalomic 

Monaloinic 

I)i;Uo!nic 

Oi-aloinic 

Tri-iil')iiiii' 

Tri-atomic 

Fiftooii alomio 


Experimental Determination of y =Cp Cr of a Gas The 

simplest and most widclv used method is due to Kundt. whitb 
depends in principle on the determination of the velocity ol 
sound, u, in a gas of pressure. P and density, d, given by the 

expression, 

v~ VyP/d 

and so knowing v, y can be calculated. 

C B A 



Bill 

■ 

■ 1 


l| 




Fig. 8— Determination of y : KundCs lube 


Kundt’s apparatus consists of a glass tube, B (Fig. 8) a 'Y*-*^* 
or more in length wliich contains a small amount of a ig i 
powder, such as lycopodium or saw-dust. The tube is toscc a 
l)oth ends by rigid stoppers. Through one 
a glass or metal rod terminating at a flat end, while a g 
similar rod passes through the other stopper. yV The 
is firmly fitted at its centre by the stopper The tu x- is fi c 
with the gas and by striking the second rod with a cloth coated 
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with rosin powder, a harsh sound is produced and the rod is set 
into vibration which in turn sets the gas inside also into vibra- 
tion. The powder inside arranges into striated heaps as a stand- 
ing wave is produced inside. The first rod is slightly pushed or 
pulled out to get the best results. The distance between two 
neighbouring heaps is measured and is, of course, equal to half 
the wavelength, ?. 

The tube is now filled with air at the same pressure and 
the experiment repeated. Now we should have 


and so knowing y and d for air, y for the gas is easily obtained. 

hxAMi'i.Es WORKED OUT — In Working out problems the equation PV=s 
«RT=(i,’ M) irr is of nar.iiiiouiii imporlam-e. Il is to be carefully borne 
in mint! tliat R should be e-xpressed in the same .system of unit as I’ 
and \ and in tliis book R will be e.Npressed as 0'082 litre utf/u)sph> re / Jojree. 

Lxami'Lb 5. 11 hat is the voltiuic occupied hy 5 gms of benzene vapour 

at SUO^C and 750 ni.m. pressured 

Using these values in the equation, 
PV = (k/M) RT. wo have 


750 


P = 750 m.m. = _. atmos. 

760 

g-5 gnis 
M = C.H,:^78 

R 0'082 litri- nl inos- 'degree 
'I' C73+200^473* abs. 




) 


= 4 X''“2 x 473 

v_ 5 x 0-082 x 473 x 760 
750 x 78 
= 2' 52 litres. 


K\\M!1,i; 4 er of phosphine .ja-i ot 20^C and 70 cm. vei,,hs 

■' f/' * . n A' ' IS I/.? moffa/lar wiitjhtj 


i' = 70 .Mm. 

fO 


Substituting the.se values, 


0^3423 hires 
:: = 0-(M47 gins 
t: -0-082 
T^295* abs. 


0-tt5423= X 0-082 x 295 

<6 M 


Mol. wt. M = 082 x 29ox/6 

70 X '03423 

= 34-1. 

I'.v.wiri.r. 5. The ot u h.idruf.rbi^u is tiui'S h>ini‘T ihnn 

w/iiit is its metier., !ar irri. 7 /./ ? I 'drulutv its ,T'jit /iirth.-idar uciqht 
.■ rhnl Ir rviitaiii^ Ur:-, y, r i.nt {(' fl - 




t^RT 

rv 


RT 


For two u-xscs. i= 'Z' 

M. d. 


’r';orefore M|7:3L. if, 32x2-47 = 7904. 

N'ow. wt. percent C = 92-25; wt. per cent 11 = 7-75 
atomic ratio of C = 92'25 '12 = 7-60. 
end atomic ratio of 11=7-75/10078= 7-69. 
the empirical fornuila is (Cll)x 

(CH)j has mol. wt. approx. 7>04. t is ovidnitlv 6 Therefore 

F..\\M!I.F. 6 . .1 litre '</ rri' ,r.lqhs t '9.1 n:n».. nf \ 'T P -17 ichat 

trmpiTntHTc will a Ulre of iiir wei.ff, j the p.-cfsure h'ctng V? cwi ? 

At N.T.P. P = 1 atoms: I!t>e: t; = l‘293 : T=-275 

At the reqd. tomp. T,.. r..=-72'76 atc.nis ; V,.. 1 litre. = l em. 
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Now PV = (g/M) RT and P, V, =(g,/M,RT,. 

=33,-4-a&C. 


EXERCISES 

{a) Ideal Gas Equation 

1 What is the exact experimental implication of the statement, 
*‘aU gases are ideal at sufficiently low pressure . 

.ysuL^of^ntu^^^W^r ;fl. l':;itr::iul if ■.ilo.ram^a^d^houc 

arrt taken as the funciamcntal iinus. ^ 

3. Write short notes on :-Isothermals, isobars, and dimensions o 

^ “ 4 *^ ^Wliat form does Boyle’s law take if ^ ideal j-as is placed m a 

gravitational field? In what sense is the law true no - . .,,.,1,. 

5. Criticise and correct the statement ‘‘A'' 
for equal rise of temperature independent ot their mass 

Is the following a correct alternative statement of 

The rata of expansion per degree ^J*''"hemical°'naTnrc or its 

Zpiltre%Ucut cXau”*S«ing i,. compatibility or otherciro critl, 

Charles’ law. . . i.y 

Can you reaUte Charles' law (both forms as given in the te. ) . 

using density in place of volume. 

Iro 

found to lose 25 grams of acetone. Calculate j 

r“^at is the v„U„„c of ^5 ^ 
pressure? Calculate the absolute 

under the same conditions. L , xt n rn sulohur 

9. Calculate the ‘1^*^ F 19) ” 

hexafluoride and uranium hex-afluorido (U 238. F )- n 006497 

tpr,.=0001246, P.,.-(b000089, 0».=0 001958^_^^P^sr, = ^^^;^ ^ , 

10. Tlireo litres ol ohlorinc measured ("'I, ™nc’"" ’’'[Vlil'l 

sreigh 9-621 gms. Calculate the molecular we ght of ‘ J 

11. The density of a gas is 0;20 referred to mcuurj 

(monatomic). What is tiie molecular wcig ■ ■ i fill a 10 litre 

12 IlL many grams of hydrogen will be required to hll a^lO ^ 

vessel at -30*0 and 300 mm pressure. ^ 

13. 20 gms. of solid iodine, I,. " 20*0 ami 750 min an<l scaled, 

and the flask" is then nitrogen ^ 2^^ .,c iodine 

The flask is then heated to 100 C Tim density of soh-l 

ia vaporised. What pressure w^ he ", a diatomic gas. , . , 

iodine is 4-65 gms. per c.c. *=}^[^^2-41. rN,'-l' 25 ;^Total - 3'66 

14 A bottle is heated with its mouth is expelled? 

What fractiorof the air originally contained m the ves.. 
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15. Calculate the number of molecules per c.c. at 30® C in an extremely 
high vacuum produced bv mercury diffusion pump, viz., 10 — ' mm of merciir>’ 

[319x10*] 

16. Suppose the inhaled air has an aqueous tension of 5 m.m. and 

the exhaled air is nearly saturated at body temperature, SS'C, with water 
vapour, calculate the weight of water lost by a person in the course of a 
day in this manner, assuming that the normal* man breaths 10,000 litres per 
ilay. Sat. Press, of water at 38*C = 49'7 mm. [414-6 gms.] 

17. In an adsorption experiment. 5 gins, of charcoal (apparent 

volume is S’S c.c.) when introduced in a closed space of volume 80 c.c. 
containing argon at 720 mm orcssure at — SO'C. Ihe pres«urc fell to 
49-7 m.ni. Calculate tlie amount of argon adsorbed oer gm. of charcoal in 
the above experiment. ' [0-0276 gin.J 

(6) Kinetic Thconj. 

18. State the fimdamental assumption of the kinetic theory of gases. 
Show liow tlie theory supports (a) Avogadro's Law and (b) Graham’s Law 
of diffusion. 

19. On the basis of Kinetic theorv. deduce (a) Uovle’s Law. (b) riiarles’’ 
Law. 

20. \\rite short notes on: — .\vogadro niimhcr, mean free path, 
r.m.h. speed, almolysis, and kinetic energy per molecule per def'^rce of 
freedom. 


21. Calt-ulalc the average speed of a molecule of (a) hvdrogen at OT 

and (b) carbon dioxi.lc at 100® C. (184.500 cm.,. sec. ; *45.980 cm/sec.T 

22. Calculate the average kinetic eiu-rcv ot 11 inoieiiiie 01 t iirimi. 
dioxide .at IS^C. Wh.at is it:, velocity: 

[5-96x10”'* erg : 403-7 metres per sec.] 

nwingc kinetic energy of a nitiogeii niulecnlc at 
^ (.. How fast would an one gr.ain ucighi have to move in order to 
have the same kinetic energy? 

16-69x10*" erg: llS cm. per year.] 

24. At wliat Icmpcralui-e is the r.m.v. speed of a hydrogen molecule 

1-2 notes • |299-1'KJ 


2 . 5 . A tiO'v di' iihil by a thin (laitition into twai equal i onii)aitnu’nts. 
an, t.ic-y are lillid with ,,,i n»imhtr of hydrogen and heavy hvdrogen 

niolcrules rcspyttivcK. If (he jiressure in the hydrogen coinjiai t nient is 
"lie c ro. what In flic loessiiie iii i!i.- otiicr c i.innartmciit *' [1 « in ; 1 nn.] 

WItat will be the lucssiire if the p.iilition ho removed? 

A long rclaiigular box is file,) wiili chlorine (at xvt - 35 451 
IS known to contain only 'TU and ^•Cl.. Jf {he box could }7e 
diMdcd bv a partition anil tiie (wo of chlorine i.ioU-mlcs j.ot in 

■•"inpiirtnicnts respci 1 1 v dy. -alculnic where diould ih,. imililion 
be 1 : til.. proMircs on both sides are equal. Is this prossuve the smoo as 
the oiigiir.l pressure? How are the dendly and the number „f molecules 


t .r. , : the two ioinpartmoiits rehUcil to liic luspcclivc oriijinal Nahics, 

27. qipu^ing one iiiole<nle in a gas is pomchow visible What will 
I,,. ■'l--mvevi wall regard to its path of flight and velocity willi passage 


G& 


L.nlcabuig foun.l Ihal a sainnlo of ozonised ..Kv..Lm rontainintr 
-t ozone by weight ic.piiied 430 nds fu diff-Kc ‘amler conditions 

7f H.,- ao„sUy 

122-93 
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composition of the gas which first passes lluough? [He . A . _ 

30. In the preceding question, what effect would a %anation 
temperature or pressure have on the composition of the gas emerging into 

the evacuated space? 

31 The four tvres of a motor car are respectively filled with htliuni. 
hydrogen, air and .'litrogen. In what order will these tyres require to he 

reinflated ? 

32 75 c.c. of a gas were collected over mercury in a tube closed at 
the top by a plaster of Paris plug (porou-s). On standing m air for soiia 
lime, and wh^n the mercury level becomes constant again, the 'ohime wa 
found to be 123 c.c. What is the molecular weight of the gas. (1 '-"j 
air weighs 1‘293 gms. at N. r.P-)- 

35 \Vhat is the ratio of the rates of diffusion of vapours of 
heivv water DO If a sample of vapour contains equal nuniher ot 

luolecules of water (H,0) and heavy water, wl.at will be ^elat,^e 
in the first fraction which would diffuse out. liuo ij 

34 How would you proceed to ascertain whether a given ga^ is 
,„„naL.ic or diatomic? Discss the principle iindcr lying the n.clhod used. 
How has the monatomic nature of Argon been estahlishe.l 

35 What do vou utidcrsland hy spetific heat at cmMaiil 'olnnic and 
at cmistant pressure for a gas? How, would yon prove hat le ratio 
the two specific heats for a monalniinc gas i.s equal to 166 and tli.n 
other gases it is less than 166 but greater than 1. 

The specific iieat for a gas at cmMaiit vohiine f 401 

constant pressure is 0-125. (’ah-ulate the molecular weight of llu ... . 1 U1 

36. Can you suggest a kineli. theory inlerprelaliim ‘I'" 
saying that wet cold weather is much more ponelrat.ng tl.m di> 

weather? 
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REAL GASES 

Deviations from Ideal Behaviour — It has been already 
pointed out (P. 7) that actual gases follow the ideal gas 
equation to a fair degree of approximation under ordinary 
conditions. But under high pressure or at sufficiently low tem- 
perature, the ideal gas equation is not even approximately 
followed, and wide departure from this ‘norm’ is observed. The 
departure at high pressure is such that the actual gases arc less 
compressible (i.c., have larger volume) than what is expected from 
the ideal gas equation. On the other hand the deviation due to 
low temperature acts in the sense of making the actual gas more 
compressible than the ideal gas. We owe to the careful experi- 
imnis of Regnault, Andrews (1869), Amagat (1880) and others, 
the knowledge about the behaviour of real gases under a wide 
range of variation of temperature and pressure, which will be 
discussed below. 



^ • ■' ■-'■r .'Oinc >i>niiii<in f!*V in 

■ *•' •' i liifform', unit*), 

VmagaPs Curves — In ordtr tliat ihc depariuvc <if -iny actual 
from ideal hehaciouv. he known iinmediatc Iv front the 
Ainag.u ploiied P\ against P a.r a eonst.ini temperature, 
llu -f (uixe'- are ktmwn a-' Xin-agai’,-. • urve.-. If die gas be ideal. 

-\magat curve will he a '.tr-iigh! line parallel \o \hv pressure 
. .IS ■ iih a (on>nani ordinate cj]ual to RT. .\ K s er'inpressiblc cas 
viil -i .ihove this line and a more < one, vre^sihle g,.-; aill he heiow 
this line. 

Some typical .\iiiagat s curve.; are shovn in Fi''*, 0 and 10 
In .he CISC of VO . X , O.. . pv ck-;-., ..s'os, att.kns a 

imnimum and dicn ontiauaUv Incieafe^ "dth pressure- while 
in Oil.ers. .he pr,«l„u PV uimi,,., Xv inmai, with p'ressnic. 


REAL CASES 



.h..lng d.. 

Ihrgenerri* aen7 Zn^ra7tl^/ and' is 

* E" gti' “£ iSf 

at 0”C under not tw hig P . apparent from 

for helium runs almost paraUel to the 

Itllty faaor syi^bolisL by z (or k) and defined by the equauon, 

PV=znRT, or z = PV/«RT 



pij, il—Compressibility factor 
curves for N, 


curves for ethylene 


that it is less compressible, by th^ perfect 

that it is more compressible than that demanae y i 

^ryTriation of compressibiliy factor over = 'vide ra^e of 
pressure is shown for methane and nttrogen >n^F'g- of 

respectively. These two diagram nressure change as dis- 

deviation caused by Pw^rthy that fn the one 

cussed in the previous section. eouanon is often more 

tan^e rndfd7er”c"e^rin'’:rror. of course, at sufficiently low 
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pressure all die curves atiain the perfect gas value unity for 2 , ie. 
PV per mol equals RT. 

It is customary to plot 2 against the reduced pressure P/Pc 
at a given reduced temperature T/Tc. The subscript c standing 
for critical values. Since all gases show approximately the same 
l)chaviour when expressed in this way, a single graph serves to 
represent the behaviour of all gases. Such compressibility factor 
graphs generally have more or less the appearance of Amagat’s 
curves. 

Van der Waals Equation — Attempts were naturally made 
to offer an explanation based on the molecular kinetic theory 
as to Yvhy the real gases fail to conform to the ideal gas equation. 
Of these attempts the simplest and the most successful is that 
due to the Dutch chemist, van der Waals (1873). According to 
van der Waals the reasons for the failure of the ideal gas equation. 
l’\^=RT over an extensive range of temperature and pressures, 
arc two-fold. 

(rt) Firstly, in our kinetic deduction wc have assumed that 
the volume which is accessible to a molecule for free movement, 
is the total volume of the containiny; vessel. Hut. since the 
jnoiccules themselves are incompressible and have a volume of 
their own. which inav not Ik* a negligible fraction of the total 
\olunie of the ga> at liigh pressures, ilic free space inside the 
vessel is not \ but i< le-^'! than V. sav. (F - /;) \shere h is a correc- 
tion term rcpreseiuinti the excluded vohiine and this [F b) varies 
nitli pres'^iirc according to Hovlc's law. 

(h) Secondly, in our kinetic dediuiion wc liavc ncylected 
dte intcrmolcculnr artrattion. hut in real gases there exists an 
;irrr.-i( Con operating between iwt> molecules as is proved bv the 
' xisrence of fonlc-Thomson effect. This attraction depends, 
Itesldes other racToi's. on the distance between them and their 
masses. I'or a molcanle at tbe centre this force is nil beiny 
balanced bv attractions from all sides Init as tbe boundarv is 
ipproached tbcse I'orc es increase and ;i( r tow.ards the centre from 
all sides. The net etlcct is tliat the real pressure aciiny: on the 
•:as is nor onlv tin- externa! prc'ssnrc P. but also this additional 
acting in tlu- -.nine direction .as tlu- external jiressiirc. 

If ’.ve imagine in a '.^ns two lavcTs of inolccuks. each Inver 
atn.acr tlu- otlter wirli a fmee niojmrtional to tbeir number, 
•c. proportional to the densirv. Therefore, the total force will 
le jiropurtiona! to tlie chnsitv of each laver and will be pro- 
jmrrlonal to the scpiare of the densitv of the gas. ?> inversclv 
p ojM.i-rional to sqtiare of the volume. 'which van der Waals put's 
as (i'\" (d^consr.b Therefore, tbe net effect is tliat, as if the 


1 !' 


gas IS 


rted upon bv an intrrased pressure P : '' 
So the gas equation bccetnes 


instead of P. 




V /> RT 
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which is the well-known equation given by van tier \\ aals in the 
year 1873. This pioneering attempt by x-an der Waals to interpret 
real gases xvas so timely and illuminating that Boltzmann bailee 
van der Waals as the Newton of real gases. 

The two corrections introduced by van tier Waals act in 
opposite directions, the volume correclion 'b’ increasing the 
value of PV and the attraction correction ajV- decreasing the 
value of PV from what is to be expeued from ideal gas laws. 
At low pressure the attraction correction more than balances 
the volume correction, but at high pressure the volume corret- 
tion predominates. So, if a gas i.iitially at lotv pressure be 
.subiceted to a gradual increase of pressitre the product I \ «tll 
gradually decrease, rcaeh a minimum and then conttmialh 
increase with pressure. For many gases this variation is <,iu c 
considerable, an idea of which can he ohtainwl ^ 

Amagat's curves iyidc Fig. 10) as also from the following Fal c 
compiled from die data of Amagat for ethylene lu 20 C. 1 
^able also demonstrates that though the- value of P\ \aries o\u 
a wide range in utter disagreement with ihe perfect gas ecpiti- 
tion the agreement with the van der Waals equation is (luite 
remarkable.^ More remarkable however is the fact that i h i^ 
equation is not onlv applicable to gases but is equa ly applicalilc 
m gas-liciuid transition and to liquids i.e. over the whole range ot 

beliaviour of fluids (vide C h, V). 

Ethylene At 20’C 


PV (arbitral y units) 


Pressaro 

(atrno>.) 

1 

1 

1 

Ob.serveil by 
Amagat 

Van <ler Waals 
Value 

^ * ' ) 

10 ' 

31-6 

45-8 1 

72-9 

84-2 

110-5 

176-0 

233-6 

282-2 

329-1 

398-7 

1000 : 

914 

721 1 

416 

399 

454 

643 

807 

941 

1067 

1248 

1000 

895 

782 

' 397 

1 392 

: 456 

642 

805 

940 

' 1076 

1254 


The values of the constants c, and h for f,” 

noted that easily condensable gases like carbon 

ethyl ether have comparatively higher values for which 

strong intermolecular attraction. Also, 6 is a . { 

of the molecules and is roughly four times the volume of the 

molecules considered as simple spheres. 
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Gas 


Hydrogen 

Oxygen 

Nitrogen 

Ammonia 

Ethylene 

Chlorine 

Water 

(/arbon tetrachloride 
Ethyl other 


Van der Waals Constants 


a, Atmosx(<‘-C-)*/niol- 

0- 10 X 10* 

1- 36x10* 

1-35 xl0‘ 
417x10* 

4- 47 X 10‘ 

5- 35 X 10* 

5-46 X 10* 

20-86 X 10* 

17-58x10* 


b, c.c. /mol, 

23-0 

31-6 

38-6 

37-1 

57-1 

46-1 

30-5 

195-3 

134-4 


For applications of van dcr Waals equation to the pheno- 
menon of condensation, vide Qiapter V. 

Other Equations of State — Main- other equations of state, 
both semi-theorciical and empirical have been proposed from 
time to time to express the heha\iour of actual gases with better 
jtrccision. The theoretical foundation of none of them seems 
to be any better than that of van der Waals and hence van 
tier \VaaIs equation is still icgardcd tlie best for any theoretical 
investigation. However, for some type of problems, van der Waals 
ecjiiarion is intonvenient anti oilier ctjiiations arc used. Sttme of 
liu-se ctjiiations which ha\e attracted -iome attention are given 
he I'l’.v. 

Ur lU-nhelot Equation — 

(r KT 

1 -., an e'jii.atiou of v.ai der Waals type where the constant a is 
replaced by e«|uation of Rerthclot. bv an algebraic 

manipnlaiiun simila/ iliat used for obtaining the equation of 
'irn ;<j)i)iuliiig si.-i - in t'.li. \’. tan he easilv transformed to its. 
familiar for-n. 


nlM' , r.'p 1 


here the subset 1 11 c indicates the corresponding critical 




(/' DietericI Equation Thi-^ etjuatiou in essence is 

dmil-u- '.o that of van der Waals cxccjit that the pressure correc- 
i( .1 i- done by introducing an exponential factor as shown below. 


r(y-b Ki 


(c) Beattic-Bridgman jcquaHon (1027i 

V \<c (RT 
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where V is the volume occupied by one mol of gas at tempera- 
ture T and pressure P. and y and 8 arc constants which arc 
related among one another by five different constants and 
temperature. This semi-theorctical cquauon containing fiN- 
constants gives very accurate results oyer a wide range ot 
temperature and pressure, even near the critical point- 

(d) Virfal Equarion (1901)— Since any variable quantity. > 
can always be expressed, irrespective of any theory, 
more precision bv an algebraic expression of the type, 

Cx^ + Dx^ + .'.bv including more and more terms in higher 

powers of X, such an equation has been used by various in\csn- 
gators to express PV as a function of 1/V, i.c. 


PV = RT + 


B(T) ^ C(T1 D(T) 

+ Y2 ys 


+ 


where B, C, D, etc., arc constants depending on icinpciaiurc oi 1 . 
and are called second, third, fourth, etc. vinal co-c^icnts ^ 
iras This equation is sometimes called Kammcrling Onne^ 
equation. Since the contributions from the square, (uhe. am 
other higher power terms are necessarily smaller than the first 
two terms, the equation reduces to PV = constant at the temp - 
rature for which B = 0. This temperature Iqr any gas is callul 
the Boyle Temperature, because Boyles’ law is applicable to the 
gas at this temperature over a fairly wide range of pressure. 

o.,mTTN T.p t L tenth its roUnne at constant un.^s.atur. us.n, 

(i/pcr/ecC gas equation and (ii) van drr 11 aah equation. 

T = 273, V = 2.24 litres, a & * nivtn 

(») t - V 2.24 

{") (2.24 -0.0316)=0.082 x 273 


Ol 


P_0^2 x 273 _q 27 = 9.8 atm. 
2.21 


Example 2. Using the ° ^ ^Va^^egiZn the ’volume orruiu'd 
text, calculate acconhng to . ethulem at JO almosiihvrc.f o' 



tquation, 

p-m *= 

a - 4-47 ^ ® 

? T = 273 

(a) from van dcr Waals equation, we have 
(10+4-47/Vq (V- -OS?!) = 082x273 
or V- -0571 = 22-4/(10 + 4-47/Vq 

^b^Sin^J,' u"der identical 20907^'^"= ^ 

number of mol8. wo hav^ in extension of ( ) l.owevcr. h.v 

the ideal value being 2240/28 = OU c.c. 
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obtained directly from van dcr Waals equation for « mols of a ^'as 
(see y. 6 in tlie next exercise). 


EXERCISES 


1. Dues a real j-as, at u very liipb pressure, occupy more volume or 
less tiian tlial by an ideal pas under identical conditions? Does temperature 
liave any effect on the above? 

2. Point out tlie lines of reasoning in which van der ^^aals equation 
lias been dcluced. What are tho units of « and h in the above equation? 

3. Two van der Waals’ gases have the same b values but different 
(I values. Whicli of these would occupy prealer volume under identical 
conditions ? 

4. Two \an <lor Waals’ gases have the same value for fl but differ 
in h. Wliiili one would he more compressible? 

5. \’an dvr Waals equation is usually wiitteii for one mol of a gas. 
Wiiie down iht form it woiihl take for ii inols. 

(Hint ; t\invert the only extensive property in the equation, e.g., 
\' iiil'> per mule basis i.c for ^ sulislilule \ «). 

6. Caliuiale liie pressure developed in a one litre vessel containing 

10 gins, amnionia at O'C using (a) van der Waals equation and (b) tlie 
iih'jil gas ccpiaiion. [1202; 13T7 atoiiisj 

7. Taking tlie diameter of an oxygen molecule to be 3-88A, calculate 
the uctiml volume of a mol of oxygen and compurc it with the volnmc 
uii upicd by a mol of oxygen gas at N.T.P. 118'41 c.c. ; 1 :1216]. 

8. Di'iiiigiiisii between coiojircssibility and compicssibility factor of 


.1 ■-•■I'. 


% I 

4 


9. (Utaily th'trnN' iIr* * .f/i* tiuti nf'ff oi 

I n' li a|ijuou'‘!» IiUmI l>clin nt icntly 

In irinprraturi*. 


iIr> statt'nienl 
low picssnro 


that 

atiil 


10. 

I li»* 

I 11'^ 


In a tliiMil vpjjtc itinUniiin.*; nnc n.'Ol of a van (U^r Waals .:as at 
» ,ir uvr t lu* pri'SMirc is li> Iw P. If aiuillu'r ninl of 

nitmtimoJ ill till* above spa<i\ will In* new ]ne>surL* he 2V. 


11. ' M liappvri to \ohmie nihhT sanu* loinlitious as in the 

t\ :i I-. i pt tliut the .-»y^'tenl is iinih*r ronslant pre.'^:iri* rniuli* 
I' ll', liir twin ' la • lumje. 


CHAPTER IV 

MOLECULAR WEIGHTS OF GASES. DISSOCIATION 

Density and Molecular Weights of Gases— density of 
gases varies over quite an extensive range. Thus, among 
substances which are gaseous at ordinary temperature, the lightest 
hydrogen has a density of only U09 gms per litre, jvhereas at 
the other end of the scale is sulphur hexafluoride which is nearU 

seventy times heavier. At a slightly elevated ^ 

meet even heavier gases, for example, uranium hexafluoride whicli 

is about 176 times heavier than hydrogen. 

The most important property of gas density, d is that it is 

very simply related to the molecular weight W' iollowm, 

equation which is easily obtained from equation (4)-II (P. 8). 

RT ,RT MIV) 

“-^PV P 

Hence, knowing the density of a gas under definite external 
conditions, its molecular weight is easily calculated. 

Experimenlal Methods of Determining 
methods for the determination of dcnsitv are m use all ol whiel. 
aim at the same thing, that is, to know the weight of a certain 
volume of vapour unLr definite conditions of 
nressure The more common methods are— (a) 
method, {b) Rcgnault’s method, (c) Dumas’ method and (d) \ leto. 

Meyer’s method. . 

(a) Hofmann’s Method— The principle of th e method is to 

vaporise a known weight of a 
liquid in the Torricellian vacuum 
of a barometer at a suitable high 
temperature and to measure the 
volume and the pressure. 

The arrangement of appa- 
ratus is shown in Fig. 13. It 
consists of a graduated baro- 
meter tube nearly a metre in 
length filled with mcrcurv and 
inverted over a trough of mer- 
cury. The barometer tube is 
surrounded with a wider jacket 
through which the \apour of a 
liquid boiling in a flask A 
(Fig. 13) is passed to keep it at 
a temperature at which the ex- 
perimental liquid may freely 
evaporate. A small hottlc or ^ a 
bulb drawn out intp a fine capil* 

larv is filled with a known weig/it , , 

of the liquid and is introduced in the vacuous space . 

3 


TcmceleaD 

Vacuum 


Barometer 

tut>0« 



Fif;.— 13. Hofmann ^ Appai at us. 
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mercury. The liquid at once evaporates and depresses down the 
mercury column. When the condition has become steady, the 
temperature is noted on a thermometer inside the vapour jacket 
(nor shown in the tig.) and the volume is noted on the graduated 
tube. The pressure of the vapour is obtained by subtracting from 
the barometric pressure at the time of the experiment, the height 
of the mercury column in the tube. The volume occupied by a 
definite weight of the vapour at a known temperature and pres- 
sure i)eing ascertained the vapour density anti so. the molecular 
weight can be readily calculated. 

This method is capable of giving good results, but the experi- 
ment is rather troublesome and cumbrous. 

(h) Regnault’s Method — The method of directly weighing a 
large volume of a gas is beset with difficulties due to the small- 
ness of the weight of the gas compared with that of the contain- 
ing vessel and due to the buoyancy of the displaced air, which 
latter shoultl be accurately known. Regnaiilt surmounted the 
difficulties in the following wav. He counterpoised two thin metallic 
bulbs of equal capacity from the two arms of a balance, both the 
hull)s being evacuated. One of the bulbs was then filled with 
the gas under a known pressure and counterpoised against the 
vacuous bulb at the other arm, bv atlding knoun li ctg/i/s. The 
lemperaturc during the experiment is kc{)t constant and uniform. 
The volume of the bulb is next known bv determining the weight 
of water which would completely fill the bulb at a known 
teinperature. Thus, the weight of a known volume of gas at a 
definite temperature and pressure being known, the density and 
molvcular weight of the gas can be easily calculated. 

Thi'i method is verv accurate and admits of application to 
permanent gases and substances which arc gaseous at ordinary 
temperature over a v.ldc range of pressures. Thus, it is suitable 
to he used for aciUKito molecular and atomic weight deter- 
minarimi bv the tnclhod of limiting density to be shortlv 
described. 

(c) Dumas’ Method— The apparatus consists of a glass 
Inill) with a draun-out tuck. The bnlh is weighed dry and then 
filled with a few cc of the li(]uid. The bulb is heated in a constant 
temperature hath t(» a temperature at least above the boiling 

point of the lic|uid. A brisk stream of vajiour issues out of the 
mouth, displacing :d! the air contained inside the bulb. When all 
the lifjuid is vapori'^ed and the !m!b is filled with the vapour of 
ihe licjuid. the .sm.'tll openimg is scaled with a blowpipe flame and 
ilu- htdli .ificr cooling is weighed. Both the atmospheric pressure 
and tile ternpeiature of the Iniih are noted. The bulb is then 
completely filled with water after breaking the end of the tube 
and weighed, from which :he internal volume of the bulb is 
obtained. Tims the weight, volume, femperatnre and pressure of 

the gn*< .arc known and it> density and inolcrnlav weight cart 
be calculated- 
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This method is applicable only to liquids which can be easily 
vaporised and is available in a relatively large quantity. By using 
porcelain or metal bulbs, the method can be extended to the 
determination of the vapour density of such substances as zinc, 
cadmium, mercury, etc. 


(d) Victor Meyer’s Method— This method is widely used for 
the simplicity of the experimental procedure, but gives results 
of a lower order of accuracy. It differs 
from and is advantageous over all the ? 

foregoing methods in that here the vapour p, I 

produced from a known weight of liquid H | 

is allowed to displace an equal volume of ^ 

air, which is collected and measured at 
the room temperature and pressure. U 

A common form of the apparatus is U 

shown in Fig. 14. It consists of a glass \\ 

tube ending in an elongated bulb at ft 

the bottom and having a sidetubc, ft 

which dips under water. The open end ft 

of the tube is closed with a rubber cork j 

and a little sand or asbestos is placed at il Ca 3 buret te 

the bottom of the bulb to prevent * 

cracking when the bulb containing the 
liquid is introduced. The glass tube is U of 

surrounded by an outer jacket ot glass 

or copper in which is boiled a litpiid vepoiSation tube 

having a boiling point considerably in stean jacket 

(cibout SO‘C) higher than the substance ^ j,,,,,., 

to l>e vaporised. When the condi- .\|)i)aratu.-<, 

tion has become steady as indicated bv 

the cessation of escape of bubbles through the side tube, 
a graduated tube, fillet! wiifi water, is invcrtetl over the end of 
the sidetubc. The cork is now removed, and a sample bulb or 


Dotail of 
SttRplO bulb 


V«pori<ation tube 
in eteam Jacket 

Fig. 14 — Victor Meyer's 
Apparatus. 


a stoppered bottle (often called Hofmann’s bottle) filled with a 
small amount (O'! -02 gm) of the liquid, is quickly introducetl 
and the cork replaced. As soon as the bottle falls inside the 
vaporization tube, its stopper automatically opens out and rapiti 
evaporation of the liquid takes place. The vapour thus prodiited 
expels an equal volume of air which comes out through the side- 
tube and is collected in the graduated itibe at the room icuiperaiure 
at a pressure equal to that of the atmosphere diminished by the 
saturation tension of aqueous vapour. Thus, the volume of a 
known weight of vapour at a tlcfinitc temperature and pressure 
being determined, the vapour density and molecular weight can 
be easily calculated. 

Examples. Victor Meyer’s Method— The molecular weight 
can be calculated by three apparently different methods, from 
either of the following tlirec relations: — (1) The fuudamenta gas 
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equation, PF = n/?T=(g/M) x/?7', or (2) Molar volume of any gas 
at N.T.P. is 32-4 litres, or (3) Molecular weight = 2 xvapour 
density. The three methods of calculation are illustrated below, 
of which the student is recommended to use the first one when- 
ever possible, as being the most direa and universally applicable. 

The student should particularly note that all the three methods of 
calculation are in principle one and the same. For, each of them requires 
a constant derived from some other source. In the first method the value 
of R. in the second one, the constant 22-4 litres, and in the third method 
the absolute density of hydrogen are used and these constants can be 
shown to be simply related to each other. 

Example 1. In Yictor .l/eyer a Method, 0-J gm. of a volatile liquid 
displaced 20 c.c. of air measured uccr water at 15‘C and 7C5 mm prcsitire. 
Calculate the molecular weight of the liquid {ro/wi/r pressure of water at 
vun). 

762 

(«) First method : — Pressure of the gas= (765-13)mm. = atm. 


N’dlume of the gas — 20 c.c. = 0'02 litre. 

Tvinpciutuies= (273-1-15)'’ abs. M.is.s of ibe gas=-0‘l gm. 

R, the gas constant = 0-082 litre-atmo.sphere. 

Substituting tlieso values in tbe fimdainontal gas equation, 

PV.-7(RT RT 

Wc get 7 ^X' 02 = x0-082x2d8 or M = ll9-3 

^ f , Mirrnnp : — 

/ 1*V P'V'\ 

at X.T.r,* IG'76 i‘j'. ( raUnilatiHl from rp ^ ^ 

N'A'. 1V7o k.i. nrt ut'Ciipiofl by 01 jm. 

01 

22 4 hire.-. a:v 1 by X22 4 ^119 4 iims. 

Siri'i* a mol. o* r % ornipios 22*4 litres, 
llir iP'.lvciilnr wciiihl 


f i HinD ME! HOD ; — 

Vi^lumc at N.T.r.- 13*76 r.r.: mass of the ^as^O l gm. 

0*1 

tb'? • n ity 1^75 irms. \kt c.c 

jlrn-ilv of gas 0*1 

Vftrmir bydrogen“ 18*76 x OOOdO 

m^lc^calir '.vriglit - 2 x'*npouT dimwit y - 2 x 59 * 2 ^ 118*4 

'!'iiX r^llr ) is u-rful for r.al* nlat inir vaj^Mir donsily. A Tnotlificalinn of 
tills inrllmcl vuiibl bo to calcwlato flrnsily and tluTofrum lo ('.\lrnlato M by 
equation ill — IV. 

Method of limiting Density— (^^1 Molecular weight deter- 
mitinlion. Though molecular weight is related to clcnsitv bv 
&(jiiation {Il-IT (P. B). tbc latter as shown below i.s ncccssarilv onlv 


M = 


o 


RT 


(IVIV 
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approximate, because this equation is only another form of the 
idTal gas equation, which, we know, is only approximately obeyed 

are obtained at vanishing pressures. :.e. at very low pressure. 

... (2)-IV 


M 




RT 


where the subscript zero indicates zero pressure. It is however 
not experimentally feasible to carry out density measurements at 
very low pressures without an unduly large experimental crn)r 
lince the density becomes too small. The difficulty can be solvi^d 
by having recourse to the method of graphical extrapolation to 

^‘'"°This^ graphical extrapolation however, cannot be done by 
nlottinsr density against pressure since the density of a g<s 
vanishes at zero pressure. Rut the extrapolation may 
accomplished by plotting the ratio of density to pressure (w iic 
has the physical Fignific!nce of density per umt pressure) aga.ns 

pressure.^and extrapolating this curve to 'of^’enua- 

fio,. (tabovi This limiting ratio may be called dens.ty per urn 
pressure at zero pressure. This ratio does not become zero at 
zerr pressure but tends to a limit. This may be easdy grasped 
from the fact that when pressure decreases density also cecreascs. 
and in the Umiting case of infinitesimally small pressure the 
density also becomes infinitesimally small and so their ratio 
always maintains a finite value. 


Data for Limiting Densities 
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>15350 


>-1531 


,^15250 


.016200 


15160 


""0 % % 1.00 
Pressure in Almosohpres 
Fin. 15 — (JraphiiHl E.vhapolation 
l>y tho rjiniliiin Density nic-tliod. 


^ ordinate of this point of 

✓ intersection gives the value 

^15450 of limiting density i.e. the 

y / ratio of dfp at zero pres- 

315400 when the behaviour 

• , j f of the gas becomes per- 

Q fectly ideal. From the 

/ curve it is seen that the 

^ ^ limiting value for djp in 

Ji 5250 case is 1-5177. The 

^ / corresponding value for oxy- 

.016200 • is determined from a 

o “■ , similar set of data and has 

“ 15160^ ^ 2 / n ^ found to be 1-4277. 

Pr^sure in A 1 mosDh.r« ' ^qn. ( 2 ). 

Fit;. 15— CJraphicrtI Extrapolation ^ t)!! / .1 42f7 = rnol. ^Vt. of 

l>y tho r-iiniliiin Density nietljod. CH.,F:32 (mol. wt. of O.,), 

from which the molecular 
weiglii of methyl fluoride comes out to be 34 - 012 . 

Alternatively, wc may use equation {2} dirccilv. Knowing the 
limiting value of (d/p)„ as ah<*vc wo tiiav easily find the value 
of M by vSulistituiing in the alxjvc etjuaiion, which becomes exact 
under such limiting conditions. 

( 6 ) Atomic Wrii^ht Drlcrmi}jatiou—Th\$ method can also be 
applied for aceuraie armnic weight determination. For. if it is 
an elonu ntarv gas like nitrogen, argon, etc., it is simply neces- 
'•ai V to (liv.rti- iJu mo'i i ul.ir v.eight thus determined by the number 
"* -‘'"ni p, 1 ..iiilci iiU I'",- example, for argon from ilie o.na in 
ilie forigoing rahle. the limiting value of d'p comes out to be 
ctirnsiionding to niolccular weight of 

argon. Siiif areon is monatomic this is also its atomic weight. 
-Anoiliir pro - 1 hire ni.iv he illustrated hv calculating the atomic 
^'eiei>t of iluorinc-. Wo h-ivc alreadv found out that the nmlo- 
(iiiar weight of nv.thvl thinride (CH 3 F) is 34012, From the 
laxnvn atomic weights of earlmn ( 1 - 2 - 00 ) and hvdmgen (1-008), the 
• noniic weight of (hiorine comes nut to he 34 0 i 2 - (12 004 - 3 x 
(•"'i.Si - l.SOO. whiAi comp.nres verv favourahlv with the value 
10 10 uhiained hv tlniuieal methods. 

Abnormal Vapour Den.sitv -The experimental determination 
of vapour densiiv has revealed some interesting facts It has 
h <-n found in some cases, for ex.implc. ammonium chloride 
Thai the . xpenmemallv determitud vapour densitv is much less 
than the rh.orctical \ahie f/.e.. lialf the molecular uci-ht;. Thus 
'>e\ilU' and Troost (1800) found that the vapour "densitv of 
a inrummi ehloridc at O.IO'C and ]0}0°C arc 1 I .->nd 14-45 
resjH-nvelv, whereas the theoretical value .should he ‘Tv 75 As 
onr theoreriral value is based on a relation, which is' a simple 
corollary to the Avogadro hypothesis, either wo h.ave to limit 
The appln.ihihtv of the Avo-adro hypothesis, or we have to find 
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out some explanation for such deviations. Pebal 
the very simple hypothesis of gaseous dissociation is 
lo explain L anomaly. Under the experimental coi dit ons 
the molecules of ammonium chloride suffer dissociation to forn 

ammonia and hydrochloric acid according to the’ 

NHCl^NH, + HCh and so what we are measuring is the 
density STn equimoleciilar mixture of ammonia and hydrochloric 
acid together with some undissociated molecules of 
chloride Since, due to dissociation the number of molecule, 

increases the volume of the system also increases and so, the 
density which is inversely proportional to the volume decrease.. 

becomes doublcS and so the density is halved which is approxi- 
mately the case in practice. 

ExDerinicDtal Proof of Gaseous Dissociation— Such a bold assumption 
as above is based on fii-m experimental support. Firstly, il was shown 
bv Than (1864) that when etjuimolecular quantities of ammonia ano 
hydrochloric acid are mixed together at 350^0 there is scarcely any 
contraction, conehi-sively proving that ammonia an.i hydrochloric acid 
molecules are capable of existing together at that temperature withou 
combination to form ammonium chloride. The other evidciu-e rests on a 
direct demonstration that ammonium ‘'hloridc vapour contains 
and hydrochloric acid. The device used by Than and Pebal is .’.hocen in 

Ihe diagram (Fig, 16). 



Fig. 16 — Dissociation of Ammonium Cliloridc. 

Some NH Cl is enclosed in a tube by the side of a poroiLS plug made 
borne P, rr.j,„ tube is healed and a slow current of 

the side of tho arnmonium chloride IS found to be and^^^ ^ 

lJ!‘‘ito7ide'";lnour‘^^^^ dir^o^rud Sito ammonia and hydroehlonc 

Further Examples of Gaseous 'ned to 

f “S r =.r''S;Jr 
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has also been extended to other systems which show a similar 
behaviour. Some typical cases are discussed below. 

(fl) Phosphorus Pentachloride (PCI5) — Phosphorus penta- 
chloride which has a theoretical vapour density of 104'2 shows 
a vapour density varying with temperature and prcssuic ranging 
from nearly the theoretical value to half this value (sec Table). 
This lowering of vapour density is explained by assuming the 
following process of dissociation : — PCI 5 PCI, + CU. 

Dissociation of PCI,. (PCI, PCI, + Cb) 


Theoretical Dcusity {air=l)=7 2 


Temp, *0 

Density \ 

(air=:lj 

Perce ntnjjc 
Dissociation 

190" 

4-99 

44-3 

200“ 

! 4-85 

48..5 

230" 

4-30 

67-4 

250" 

400 

80-0 

300" 

1 3-65 

9? 3 


A fraction of the tras dissociates under ordinarv cirtnmsiaiucs 
anfl this fraction ctraduallv increases with temperature until tlic 
flissociaiion hciomes almost complete above HOIVC. As dis-soriaiion 
pni< cc'(i> the colour of the gradually htcomes more and more 
yreeii due to tlu- liherited chlorint'. At everv stage, until the 
<!i->'-n('i,ition is complete, the \apour cotttains tnolcculcs of chlorine, 
molecules of phosphorus rrichloriclc and also undissociatccl 
uioleJules of ])hosphonis pentachloride. 

(/») Nitrogen Peroxide (XjO,)— This .sub.stancc offers a very 
inreresting case of dissociation. At a low temperature, it is 
an almost coioiirless crvsialline solid, which melts to a pale 
Vfilow- liquid at lO^C. Its colottr graduallv gets darker ns the 
temperature is rai-td and at i22'C. it boils giving off reddish 
brown \'aponrs. (")n further raising the temperature the colour 
ol the ^•apou^ ilarkens until at 140‘C it assumes tlic tnaximum 
iiuensiiv of colour, iKcoming almost black Tite reverse change 
akf' place on cooling- Measurement of densitv of the gas 
■lio\\s that ns the temperattire rises the gn.s dissociates more and 
more forming XO.. tnolcculcs aciortling to the equilibrium. 
X P^ above change of co’nnr is cine to tlic fact 

that XhO, molecules arc colourless, while XO. molecules are 
<!ark brown and at any temperature the colour of the gas is 
fleiermlned bv the proportion of each of these two gases present 
in die >ystcm. .\r 1 lO’C the dissociation is almost complete 
and the colour is due to the XO,. tnolecules nnlv. The fall of 
\ apour density with rise of temperature Is shown' in the accom- 
panying table. 
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NjO^ Dissociation, NjO^ 2NO2 

{Thtoretical dtmitysiG) 


Temp. (■’C) 

Vapour density (H 3 =l) 

Degree of dissociation 

15 

1 

1 

410 

12-2 per cent 

35 

' 36-22 

27-0 

65 

i 28-25 

; 62-8 

100 

1 24-5 

895 

X\Jv 

140 

1 23-02 

4 

almost 100-0 


On further raising the temperature the density 
and the intensity of colour begins to diminish until at bOO L t u 
eas becomes coiourlcss. These further cliangcs are due to the 
dissociation of the NO, molecules into nitnc^oxide and oxygen 
according to the equation 2 NO,^ 2 NO + 0,. the dissociation 

being almost complete at 600” C. 

Other examples of gaseous dissociation are those of hy<liio<lic and 
of calomel Sding to the equation (i) 2HI = H,+I, and (») HgXl = 
He + HeCI resnectivelv. Tho latter dissociation is very iiiteiwsUiiK' m lli'- 

.ho dissociaUon is ,,s„ally "carlv 

vaiioiir density will bo ha f t i? thcorelu-al value for IIk,G1 , .iml so, unitsi, i 

sassp 

other elctn/nls diseociale at aofficiently high temperature into atomr. 

Calculation of the Degree of Dissociation- Degree of disso 
dation of a vapottr is th^fraction of the total nt.mhcr of moh - 
c Tc, wliich l as suffered dissociation either ‘‘ 

^ , i>ri Kiir is valid for any substance, one molecule ot 

^'Itic./Xsodlues’ to ‘;iv:''ttvo ntoleLlcs. The er, nation for the 
dissociation is PCl^ <=^PCl3 + C!2. 

Ixt 1 mol of the pcntachloridc he vaporised and 
tion .^f it dissociate iL.thc 

Evidently, by the dissociation of ^ niols ,lierr 

get ^ mols of the trichloride and a ncntachloridc. Tliere- 

would remain 1-a mols of undissociat p ‘ ji^so- 

fore, the to'al number of mols presem 

rroU c"retes“^f?omY,o If. and 

occupied by the system increases in the same ? (since 

vSe V varies directly as the total number of mols «). 
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Therefore, if be the volume, which the system would have 
occupied had diere been no dissociation and F, ^e actual volume 
of the vapour due to dissociation, we should have 



Dissociated Vapour Undissociated Vapour 

Fig. 17. — Dissociation of PCI. Vapour. 


y — ^ density d is inversely 

proportional to volume) 


a = 


d^~d 


... (2)-lV 


^\}u'rc d^ - thcorrticdl density assuming no dissociation, and 
d = ohs< rif!d dctiFity. both under the same pressure. 

So knowin;:^ d. flie actual density and the tlteoretical 
density (which is given by equation l.^(rV^) in absolute units) the 
tkgree of dissocintion k is easily calculated from the above equa* 
lifui. It remains to point out that d^, and d are to be expressed 
in the same system of units either with reference to air or to 
liydrogcn or in absolute units. Since pressure is proportional to 
rite miniber of mols under con.stant volume condition, the above 
equation holds good if reciprocal of pressure is substituted for 
density. /V typical example involving dissociation of iodine is 
illu'itrated in Exanqilc 3. 

If one molecule of the substance dissociates into n molecules 
It (an be shown by the same procedure that the C(|uation becomes 

- d 

^ (n-Dd - •• (3)-lV 


Association-?:© long we l^avc Icen discussing cases n{ vaoour density 
'I'"- theoretical value. Dm nuos aio on -Lord^where 

1U M.iHX.r density is higher ih.in xvhnl. would l,e cxuvelod from thek 
moleeulur formula, or in other words the vapour of one mn molecule of 
the substance occupies a volume loss than 22-4 litres Wcllknown 
oxamptes of such abnormalities arc vafer and acet^o acid their 
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<)en5ity is measured nearabout their respective boiling points. If tlie 
temperature of the vapour is gradually increased, the vapour density 
slowly falls to the normal value where it remains fairly constant. It is 
assumed in these cases that a portion of the molecules of the vapour 
exists as double or more complex molecules, and the existence of these 
aggregates or clusters is responsible for the increased density. As t lie 
temperature rises these aggregates break down to fom single undisso- 
ciated molecules. Evidences from other sources corroborate these con- 
clusions. This phenomenon is called molecular association in the gaseous 

state. 

Other examples of association are the vapours of the chloride^ of 
some metals such as aluminium, iron, beryllium, etc. whose vapour phase 
behaves respectively like Fe,Cl.. Be,Cl.. etc. Vapours of manv 

elements for example, sulphur and phosphorus show different degrees ot 
association at different temperatures. 

Example 2. Calculate the ■percentage of iVO, (i) by weight and (ii) hy 
volume, in nitrogen -peroxide (iV,0.) of vapour density — So. 

N,0, 2NO,. 

1 — 0 2tt 

(i) From the equation, rf. = rf(l+a). 

14x2+16x4 

where f/, = theoretical density = i (MsO.)= 2 ’ 


and Jsobserved density=35. 

We have 46=(l+a) 35 or o =0’314. 

Total fraction of mols decomposed 7 =0-514 

to form NO, molecules > =31-4 per (cut. 

the percentage of NO, by weiglit = 31-4%. This is evidently also 

the degree of dissociation. 

(it) Since volume is directly proportional to the total number of 
mols, we have, 

Volume of NO, is proportional to 2a . 

Volume of N,0. (1— a). 

Total volume is 1— o+2a=l+a. 

Percentage of NO, by volumc= 

2tt 100x0-628 

100 X 


=47-8 


1 + a 1-314 

Percentage of N,0. by volume = 

l_a 1-0-314 .co.Oo 

100xr+a = 100x 1+^314 " '*■ 

Exaotle 3. 0-S91 gm. of iodine vaporised at miCC 
quartz flask registers a pressure of atm>i*phi 

fraction of iodine molecules t« present as atoms. 

Since pressure is proportional to the number of mols and since prcsM.ro, 
P = cRT we should have, 

P ob* P oIh 

1+ “=*P^"rRT 

where c= (0-891/2x127) mols/Iitro 

fr4742 X 2 X 127 

1 + ® = 0-891 X 0-0821 X 1274 

o =0-283 or 28-3 per cent. 

The iodine molecules are ^;3 pe 
21) under the given conditions. 


rent dissociated ini'* atoms 
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EXERCISES 

1. Describe briefly the different methods of determining the vapoor 
density of gases and liquids. 

2. Describe in details the Victor Meyer's method of determining the 
molecular weight of a volatile liquid. 

3. Density of a gas varies ^Yith temperature, but not the vapour 
density — Explain this statement. Are there any exceptions ? What theories 
have been advanced to explain these anomalies. 

4. What is meant by the statement ammonium chloride has an 
abnormal vapour density? Can you advance any theory as an explanation 
for this fact, noting at the same time experimental evidences in your 
support? Give instances of two other substances which have got abnormal 
vapour densities. 


5. Describe the effect of heat on the following substances — Ammonium 
chloride, Phosphorus pentachloride. 

6. How do you determine tlic molecular weight of the following 
^ubstuucca : — Acetone, vapour of zinc, morcury vapour, oxygen, ether and 
chloroform. 

7. Hydriodic acid when heated dissociates into hydrogen and iodine 

Will it show abnormal vapour density*? Give reasons 

tor your answer, 

8. In the determination of the molecular weight of chloroform 

vapour by Hofmann's method the following results were obtained : weight 
of liquid 0*2704 gms ; volume of vapour, 113 c.c. : tenincralure uf vapour. 
99*6^0: atmospheric pressure, 747 mm.: height of mercury in the lubi* 
285'2 inm. Calculate the molecular weiglit of chloroform. [120*3] 

9. The following data were obtained in determining molecular weight 
of benzene by Dumas method using a bath at lOO^C : — wt. or bulb in 
air — 29 1840 gm ; wl. uf the sealed bulb containing benzene — 29’3458 gm. ; 
wt. of the bulb filled with water of den.^ity 0*998—144*1 gin. ; almaspheri^ 

— 760 mm. Density of air at N.T.P. — 0001293 gms per cc. ; Room 
iem|K rat lire -25'’r. Cukulalo the molecular weiglit of benzene. [79*5] 

Apply buoyancy <orr<ction to the weiglit of betrzene i.*\ 
vvdd to its apparent weight, the weight of an equal volume of air. 'rUis 
roiT»‘ction cannot be m'clecied In' re being nearly half the weiglU of 
hen/enci. 


10. Cniculato the \apour density of a suhstanre fiom the following 
data >-0*16 gin, substance on vaporization <lis(ilarcs 26*2 c.c. moist :iir at 

and 764 luru. (IN'iisioti of aqueous vapour at 17^C^ 14 iniu). [73’9| 

11. 0*0625 gms. of a substance irave by Victor Afeyer’s met hod 51*5 

‘ '4* air nu.nun d at 15*^0 and 750 iniii. Find the niol. wt. of the 

taiie.*. Tcn>iun «>f aqueous vapour at 15’ =12*7 miii. [48] 


12. The following observations were made in a Meyer 

•letviituii diou : 

Weight of liquid used = 0*0572 crams. 

Vcdiime of dry air dis|4ati’d 15*5 -.c. 

Room ItMnpcratures 25*5^0. 

Barometric pressure =-763*2 mni. 

('alculate the mol. \\l. and dousily at N.dM\ of the xaponr. 

(90*6: 0*00403] 

15. Amnioniuin chloride wliui \apivrisrd at 580*0 ;nul 813*8 nun 
pressure has a density of 0*6257 gm per litre. Oalonbito the degree of 
dissociation. [7C*8%] 

14. At 60®, tlie vapt ur dendtv of nitrogen peroxide is 30*2. Cab 
culate tljo percentace <‘f \0. uudccules (o) bv Nohime. (/•! bv weight 

[(0) 68•7^;. (M 52*3o;i 
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15 When PCI, is heated, it gassifies and fe at 

and chlorine. At 182^0 the density of the ‘"gOOoC P-51) 

200’Citis62. Find the degree of dissociation at 182 

16, 0-874 em,. of iodine dieplaeed 137 c.c of/'' 

and 723 mm. Calcalate the ^^oeliment ^(I =1+1). [0 569] 

of dissociation at the temperature of the e.aper,men . ( . 

17, 4-5 gms, of PCI. tvere fegS of’ dlssocia'lion 

occupied 1700 c.c. at one atmosphere. Calculate the aeg i_82-A':o] 

at the temperature (P=31, Cl-Aoo). , 

II s® :H3SHf^Sr-^id: 

ammonium chloride- 90 C I i^te the degree of dis-sociation 

(NO) is 24-8 (referred to caicuiaie r. (86-4-o] 

into NO molecules at this temperaUirc. i- ..i i . ’ 

Statft,,]^:ci^ ^n^ilTtii: .^Sa^tt^inS of :^;:,:ic '^.d 

crnfo™itv'"vith'’Tdcal ’gas equation, What experiments would you make 
to ascerla-in the real cause of th.s dev, at, o 

22. A one-htre j, ^okon inside the vessel ami 

A small I onlv NO, Br. .and NOBr he 

\hc pressure is found to bo 2^ mm each in the ^qmb- 

present in the vessel calculate Pno,u =16-2 mm] 

iiriiini jivstem. ' 


I 

' , if R l.e expressed in calorics per degree 

23. In the equation M= p n i 

inid P in atmospheres, in what uni. per 41-5 c.c.] 

24. Indicate a simple experimental h"** 

be distin^Miishod from an equimolccular mixture 

D stands for deuterium i.e. lieavy hydroRcn. 



CHAPTER V 

GAS— LIQUID TRANSITION. THE LIQUID STATE 

Properties of Liquids. — Besides the evident distinction that 
liquids occupy a definite volume under given conditions whereas 
gases fill up all the available volume, in also most other physical 
properties liquids arc well-differentiated from gases. Thus, liquids 
iiave far greater density than gases ; roughly speaking, liquids, 
are about one thousand times as dense as gases. The difference 
is much more marked in point of compressibility as liquids are 
well over ten thousand times less compressible than gases. 

It is remarkable, however, though not often realised tliat 
liquids, though having much stronger intermolecular attraction 
than gases, have a co-efficient of cubical expansion on heating of 
the same order, sometimes as high as one-third, as that of 
permanent gases. For example, one litre of a gas at N.T.P.. 
when heated through l‘’C, expands by 3'G() c.c. whereas one litre 
of pentane or acetone under identical conditions shows an 
expansion of a.s high as about Po c.c. 

undamentally, however, there is no basic distinction bctw’cen 
the liquid and the gaseous state tjs can be easily seen from the 
fact that one can imperceptibly pass from the one state to the 
other without even passing through the phcnonietK'n of condensa- 
tion. I his ^vi!l be discussed later under the section entitled, 
■Coniinuicv of State’. 

4 

The Nature of Liquids — Siiue liquids stand mklwav between 
and gases, die lirjuid state mav be expected to possess 
l"' 0 })ir[ics intermediate between these two states, which in some 
''." . otre it has. Fundamentally speaking, however, since an ideal 
e.i' is matter in complete disorder on a molecular .scale, and a 
;>( rret.t .solid a matter wliosc molecules are completely well- 
■'rtlere<i /eio niropy). liquuls standing niidwav should be a 
cojaproniiscd iilending of order and disorder. In fact, evidences 
f-OM ill soiiries show that li{|uitls have some degree of order, 

.gii MTV rudimentary, as if “the memorv of the solid .stale 
[Mi-i'-i. Ml die liquids", and hence the modern tendency is to 
: the li([i)id at least near ii.s melting point as an extension 

■ h: sniid itate i.c. as a disordered crystal or. a crystal with 
' ' nice order and long range disorder. The sair.e reason 
■ ' t also .'ittractivc as an alternative ti) treat liquids at least 
' . 1 critical point as imperfect gase.s. So. liquids arc 

wicallv treated cither as a disordered solid or as a condensed 
d I'oih tliese approathos .are t'f importance. 

Of course, the verv fact that Ikjuids are formed slmw that 
• lu re is strong intermolecular attraction as otherwise the kinetic 
^r.ergy of the molecules would have dispersed the liquid into 
g.is, N'ot much is known however about the' values of these 
iiiic rmolecular forces, which :u t her, vein neutral molecules and 
cause them to deviate from perleet i...ts law and ultimately brine 
about rheir condensation to the liquid state. The existence of 
the-e intermolecular force was first envisaged hv van dcr Waals- 
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in his famous equation of state and so these 

called van der Waals forces. The molecules n a '■'imd ' 

their close proximity to each other are 

intermolecular forces which restrict their free motion, alxiut 

“u^c;:^na.e of our theoretical hno^ 
ledge about liquids, very little basic kn^vlcdge has been gam d 
about them ; yet, the masterly f'f “'„'';\‘'”^dge about 

“1 3;ss^ 

?tE=,4t"s;rVzSr3=',-S:: 

tc*mpcraiure. ^ 



The isothermal. GBAL represents the prcssurc-voiun e .c. - 
tion of carbon dioxide at 20"C. and followinj; it we tuid that the 
volume of the gas gradually decreases with increasing p'essuit. 
At rcondensafion to liquid state begins and since a luiuui in 
contact with its saturated vapour has a constant .''^1’“'*' 
the curve follows a horizontal course until the point A > " 

where all the gaseous CO. has been converted into the lup.u 
state The point B, therefore, stands for saturated vapour ■ 
20*C and the point A represents the same whollv coinerud 
into the liquid state and anv point between A and B represents 
a mixture \f liquid and vapour under their saiuratuin pressure 
It Xt temper^ The pSnts B and A differ only in volume 
hut not inVessurc corresponding to the well-known fact that 

during condLation at constant temperature the 

docs not change, i.e. the saturation pressure is constant at 
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•constant temperature and is independent of the total quantity of 
the liquid. 'I’hc portion of the curve between A and L represents 
the lichaviour of liquid COj under increasing pressure, and is very 
steep due to the fact that liquids are much less compressible in 
comparison with gases. The portion AB may therefore be looked 
upon as a connecting link between the isoihcrmals of gaseous 
and liquid carbon dioxide at 20"C. 

Now, as tlie temperature is raised the horizontal portion AB 
gradually shortens until at Sl^C, it just vanishes, the isothermal 
at this temperature having a slight hump {inflexion point). Above 
this temperature there is even no trace of the horizontal portion 
AB, and no formation of liquid i.e. no separation of a separate 
distinguishable liquid phase however high the pressure, is observed. 
The isothermal curves are smooth figures (rectangular hypcrlxjla) 
corresponding more or less to Bovlc’s law. Since existence of the 
straight portions like AB implies condensation, it is thus definitely 
established that there exists a temperature (Sl'C for CO,), above 
which a gas cannot be liquefied however great the pressure may 
he : this temperamre is called the critical temperature. Gases at 
temperatures below the critical tcmj)craturc are usually referred 
to as zafyoitrs. The pressure which is just suflicicnt to liquefy 
the gas at critical temperature is called critical pressure, and the 
Ncilume occupied bv one ^ram mol of the gas at critical tempera- 
ture- and pressure is tailed the etitiea! loltimc. 

The critical constants of different gases vary greatly as 
>h('wi! in a table to follow. It has been found that the extremities 
of (he horizomal portions of the isotherms (t.c. points A and B) 
lie on a paral)ola (the dotted curve in the figurcl. the apex of 
whiih. C'. O'. C'.-ssarilv lies on the critical point. 

Continnitv of State— Trom Andrews’ experiments, it is 
apjiareiit t!;a: there is no fundamental distinction between a liquid 
.Mid a gas. It will be sc-en from the isotherms that a highly 
'onpressed ras more akin in its physical properties to liquids 
til :n to ga.'K. r.vcn wc can pass from the typical gaseous to 
il'.e ivpic.d liquid state without passing through the jdunomcnon 
'M conden - iiion. It is evident from Figure IR that there exists 
' raml'cr of paths connecting anv point on BG (a iv|)ica\ gas) 
lo :i \ iMiint cat .\L (a tvpical liquid), and if this p.atb docs not 
' lough till- dotU'd region— which only denotes a vapour 
. licpiid in c(|uilihrium — there will nowlicre he an abrupt 
i ai-.gc in .state though wc started with a gas and linallv got a 
; ‘i'o he more definite, il uc have some "aseous earhon 
e ;'\idc at .1 temperature represented hv the point C, aiul heat it 
,i. constant volume above to attain the same pressure as 

ill'- jir>int I. ami then eool the .ins at constant pressure wc ulti- 
riiatelv obtain liquid carbon dioxide corresponding tc> the point L 
Init since in this proccs.s we ha\c nowhere passed tlirongh the 
dotted region wc have never the liquid and the vapour co-existing. 
It is aciuallv iHipossihle .o detect at what point the gas has 
been liquefied. 
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This phenomenon illustrates the term, continuity of state. 

Critical Phenomena in the Light of van der Waals equalion— 
The isothcrmals of gases near the critical concluion as obtained 
by Andrews for carbon dioxide can be well interpreted by tiie 
van der Waals eciuation. Isothermals for carbon dioxide con- 
structed from values calculated from van der Waals etpiation 
with suitable values for the constants a and b— sometimes called 
van der Waals isotherm in the />, e-plane for evident reasons—are 
shown in the figure (Fig. 19). It would he observed that these 
theoretical curves resemble the experimental curvp verv tlosels 
except for an S-shaped portion in the region oi condensation. 
Of (!oursc. experimentally wc cannot realize this S-shaped portion 
as the middle part of this portion signifies a hypothetical sub^taIUc 
which expands in volume on increase of pressure, and what wc 
actually observe is a horizontal line dividing the S-shaped portion 

into two loops of equal area. w .nU 

If we expand and rearrange the terms in the van der W aals 

equation in descending powers of V wc get a cubic equation in \ 
as shown below. 

This is in agree- 
ment vdth the 
fact that any 
horizontal line 
cuts the van der 
Waals curve at 


•50 “C 


a 

u 

aSO 

O' 

I 

Ul 

570 

VI 

0 

w 

C.6S 


three points. As 
wc raise the tem- 
perature these 
three points get 
closer and closer 
to one another 
and coalesce into 
one value at 

critical tempera- 
ture. This means 
algebraically that 
if V« is the critical 

volume, (V-Vf)’ 

=0, because this is 
the cubic equation 
which has three 
equal, real and 

positive roots. 

JCxpanding this 

wc get 

V^-(3Vc)V’ + 3(Vc)=V-V.> = 0 


30.6*C 



19— IsollicrnialN i«f 

according to Van dor Wunis h^niation 


(•-2) 
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Since this equation is identical with equation (1) under 
critical conditions, we can equate die coefticients of similar 
terms according to a standard process of algebra and get, 

= ... ... ... ... (3) 


3V,.= = 


a 


and V = = ^ 


9 4 




(^) 

(5) 


where die subscript c indicates critical condition values. 

Equations (4) and (5) on rearrangement give 

fl=3V„=Pc and 6 = iV; ... ... (6) 

Since We for a gas is not known as accurately as Pc and Te 
it is better to express a and b in terms of Pc and Tc which 
can be readily done by eliminating with the help of equadon (3) 
when we get, 

27 R=Tc' . . RTc 




(7) 


Tliesc equations can be used either to calculate a and b from 
critical data, or to calculate the critical data from a and b. 
Further, by eliminating a and b we get the equation. 

KTc 8 /Qs Y 

or =77 . . -• w*'' 


R^SPeVe KTc 8 


8 Tc l^Vc 3 

which means that for all gases the ratio PcVc/Xc is a constant 
eciual to 3/8 times the value of R. Experimentally, however, 
ii is found to varv from gas to gas. For most gases and liquids 
FTc 'I^V,. has not the theoretical value 2 67 but generally lies be- 
tvveen 3 and I (sec table on P. 52). It is really gratifying to note 
that though the critical constants vary over a^ wide range the 
above ratio as expected from the van clcr Waals equation is 
raarlv constant at a value fairly close to the predicted value. 
In fact all the above theoretical equations involving critical 
,.<n?tants are onlv approximately true and leave much to be 
desired in point of quantitative agreement with ob.scrvcd data. 
' hu b is due to an inadequacy of the van dor Waals equation. 

The Principle of Corresponding States —If we substitute in 
die van der W'aals equation the values of o, b and R as obtained 
ibovc. we get. 

8V.-r,.\ /- VA 8r..V..T 


( 




0 


Dividing the first factor bv P,. and the second factor by Vr in 
the left-hand side and hv V - W, in the right-hand side. 

/D 3V^\ /V 

Ip/v-'jVv, s.d; 


or 


3 r.. 

O'^ + h) 0'V.-l) = 8T. 


(9)-V 
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i.e. the subscript f 


P V T 

where Pr = — , Vr = y and “ ?jr 

stands for the relative value with respect to the critical condi- 
tion. It should be noted tltat Pr, and Tr are dimensionless 
quantities and further, that the form of the above equation is 
similar to that of its progenitor, viz. the van dcr Waals equation. 
Such transformation is possible for any equation which contains 
only three constants. 

This equation is called die equation of corresponding states 
or the reduced equation of state. The most important thing to 
note here is diat the reduced equation contains no constant 
charactcrisuc of any individual gas and so would be applicable to 
all liquids and gases. Expressed physically this equation means 
that when two gases are equally removed from their critical tem- 
perature and pressure, they must occupy the same fraction ot their 
respective critical volumes. This equation is however found to be 

only approximately valid for real gases. . ^ ^ 

Exr^riinental Determination of Cntic^ Constants The 
existence of critical temperature was established by Cagniard 
dc la Tour in his experiments on ether but it was not until the 
above work of Andrews on CO^ that any significance was attachccl 
to this important observation. The determination or 
constants can be roughly made w.th hts apparatus (Ftg 20), 
De la Tours apparatus consists of a hermetically scaled thick 
walled glass tube, one limb of which contains the liquid in contact 
with its saturated vapour and at the top of the other hmb is 
enclosed a known volume of air. .the rest being filled with 
mercury. The apparatus as a whole is placed in a bath, whose 
temperature is gradually raised. At a certain temperature, the 
surface of separation between liquid and vapour suddenly vanishes 
and the whole mass of vapour and liquid becomes^ homogeneous. 

If the bath is cooled, the reverse 
phenomenon happens ; at a certain point 
a liquid mass suddenly appears m a 
misty form and two distinct layers q 
gas and liquid again separate. This 
temperature at which the surface of 
separation between the liquid and vapour 
disappears on heating and reappears on 
cooling, is the critical temperature. Just 
before the surface of separation vanishes 
a peculiar phenomenon happens ; the 
whole mass of liquid and vapour seems to 

have a kind of very fine opalescence which -n^lc-ccncc. The 
scatters light beautifully; this is called cniic, p enclosed 

critical fhsmre is also measurable by th.s apparatus, the cucloserl 

air serving as a manometer. crf-irr nf senara- 

The reason for the disappearance of_ the 

Zs^ K J- r ert>^ - orr ^:pour 

A 


Aif A 





Fig. 20 — Critical SlaU' 
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0.20 0.10 0.60 o.eo 


above the liquid increases and at critical temperature and critical 
pressure, the densities of the liquid and the vapour become equal 
and so one is indistinguishable from the other. In fact, not only 
density but all physical properties of the two stales become 
identical at the critical point. 

Determination of Critical Density — The above apparatus is 
not quite suitable for determination of critical density. In fact, 
a direct experimental determination of the same is liable to large 
error. A graphical method, called Cailletet and Mathias Method, 
is generally used. 

The method depends on the empirical rule, first proposed 
by the above authors tliat the mean density of any liquid and 

its co-cxisting vapour is linear 
with temperature. So, the 
density of a liquid and of the 
vapour in equilibrium with it, 
is experimentally determined 
at a number of temperature 
near critical point, and these 
densities are plotted against 
temperature to form a closed 
curve as shown in the figure. 
The average of the two density 
values at each temperature is 
also plotted and a straight 
line is extrapolated to cut the 
foregoing closed curve at the 
critical point, and this extra- 
polated density is the critical 
density and its reciprocal is 
the aitical volume per gram. 

Some representative 
values of critical constants in- 
dii'lin” molar critical \«>lumcs arc compiled in the following table. 

Critical Constants 



21 — lU*lcrminjU 1* It of Cn* 
i\. ,il 1 V by ( Irt nnil 
M.uiiias 



T/K* ' 


VpC.c. ! 

1 


iUlium 

52 , 

2-25 i 

1 

61-5 

3-03 

livtiioiicn ^ 

.■»-2 

12-S ; 

69-7 

5 - 05 

1 ” 1 
Vr-'oil 

150-7 

48-0 i 

771 

3-35 

Nitioizi'U 

126 

35-5 

90-0 

3-42 


154-A 

’ .19-7 

i 74-4 

3-42 

( '( \ 1 

5042 

' 72-8 

! 94-2 

3-64 

Ammonia 

405-5 

112-2 

1 72-0 

4-12 


561 

48-0 

! 256-0 

3-75 

Act'lio \v\i\ j 

505-7 

57-1 

lTl-2 

4-99 

Accloiulrilc 1 

1 

547 a 

•57-7 

1751 

1 5-45 

1 

1 


• NoU‘ that niduis Kt ivi:, tuA is siuijily imothcr name for 

tomperature iii the absolute svulo. 
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Critical Point or Critical Region : Some Recent ExP^ent^ 

«mp«aTure"rtThic;^he meniscus 

tical temperature where the liquid and the 

— “iSi' If 

Three stales ot Matter : Inadequacy of this Concept 

Nature has a subtle way ^o .^ebel against any 

on her hv f j .ror wWt thi 'familiar pro- 

to be cither a solid «r a 1 q , f i^w temperature 

perties. However hehum wl^ 

S"co;Z^ It is much loss — 
like a liquid sometimes creeping up ^loiv 

^fHql tr urv^^ur Jop-JJst^m cquilihrimn un^^uth 

to exisi under high. pr«*>'''>= tee of pressure, 

to rise or sink at w.ll through he l^- 'd hv^ cO g 

It is quite likely that far classification 

"nd^r 'daShor iSr exhaustive nor 

absolute. 

Liquefaction of J‘’.,n!r romc surcess'was 

attained by earlier workers who had Oieir 

gases like ammonia snlphur dtoxtdc.^c „ ,y 

conclusions were ‘ ,,,, ,,,aincd in 'he gas <lne 

the water-vapour in the gas. wnicu 

’ m'Sfi Northmorc liquefied chlorine and snlnlmr -hoxidc 
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by applying pressure but failed with COj since his apparatus 

could not stand the high pres- 
sure required for this purpose. 
In 1823 Faraday began syste- 
matic researches in this field 
and was successful in liquefying 
all gases which require only 
moderate pressure and not very 
low temperature for conden- 
sation. His method was very 
simple indeed; he generated the 
gas in an inverted U-shaped 
lube by heating a suitable 
solid placed in one branch of 
the tube and immersed the 

Fig. 2^Faraday’8 Method f freezing mix- 

of Liquefaction of Gases '''hen the pressure in- 

side becomes sufficiently high, 
the gas is liquefied in the cooler arm of the tube. In this way 
Faraday liquefied sulphur dioxide, hydrogen sulphide, carbon 
dioxide, nitric oxide, cyanogen and ammonia. 

The next important worker was Thilorier (1834) who lique- 
fied carbon dioxide and even solidified it as a snow-white mass 
by allowing the liquid carbon dioxide to evaporate freelv. He 
also found that a mixture of solid carbon dioxide (dry ice) and 
ether evaporating under reduced pressure could produce a 
temperature as low as - lOn^’C. and this was used as a freezing 
mixture under the name of ‘Thilorier mixture.’ 

Up till then, certain gases amongst which were hydrogen, 
oxygen and nitrogen could not be liquefied even by application 
of enormous jircssurcs. sometimes up to 3000 atmos and were 
desit;naicd as ‘permanent gases.’ Tbev were not lone; to remain 
so. for in the year 1877 Cailletet and Pictet succeeded in liquefy- 
ing oxvgen and air by submitting them to a pressure of ;^l6o 
atmospheres and using liquid SO, evaporating under reduced 
pressure as refrigerant. 

Andn‘ZL-s’ Discoicry of Critical Temperature— \r\ the mean 
time 0870). Andrews' experiments nn the liquefaction of carbon 
dioxide, which liavc been alreadv discussed. fP. 471 furnished the 
most fundamental knowledge on liquefaction. His experiments 
clearlv demonstrated that for any gas there exists a temperature 
called its critical temperature below wliich it can be liquefied 
by tlio application of appropriate pressures, but above this 
tomperanirc the gas stubbornly resists all attempts towards 
condensation. 

fnulc-Thomson Effect or Adiabatic Expavsion—]on]c and 
Tliomsnn showed that if a gas under pressure is forced out 
through a porous plug, the gas .suffers a fall in temperature and 
tins phenomenon is known as Joule-Thomson effect Joule- 



GAS-LIQUID TRANSITION 


55 


are 


Thomson effect depends upon the fact that ■ 

^ sin. 

(also, vide Ch. VIII). 

Leaced to conduct this liquefaction on a large scale. 

The boiling points of a number of common liquefied gases 
are given in the following table. 


Substance 

1 

B. P. ^C. ^ 

B. P. ’Abs 

Substance 

1 

Sulphur Dioxide 
Ammonia 

Chlorine 

Ethane 

Oxygen 

-10- 1 
-33- 5 
-34- 6 
-161-4 
-182-9 

262-9 

239-5 
; 238-4 
, 111-6 

93-1 

Argon 

Air 

Nitrogen 

Hydrogen 

Helium 



185-7 

1931 

195-7 

■252-7 

.268-9 


67-3 

79-9 

77-3 

20-3 

41 


Manufacture of Liquid Air- Hamson in Englaml a"'' 

i-s;=r5 

effect coupled with method of rcgencrati\c cooling .. 1 

of Regeucranvc ‘IS 

by Joule-Thompson effect is \cr\ . ’emosnhcrc*^ in 1 aimos- 
20''C by falling from a pressure ‘>V^>out ?2*C I^ut this <lrnp 
phere suffers a temperature drop « « t 

in temperature may be intensified ^ .as so 

Joule-Thomson effect is circulate ■ t . 'pijop^on expan- 

Ihat it gets cooled and so /r^lror i tempera- 

sion at a lower initial ^cooler gas is emplovcd 

turc occurs to the incoming gas and is 

to cool further f subseciucnt Jonle Thomson 

becomes still more cooled bv ' Th\is tlic conlinj^ effect 

expansion passing through i e ^ j ■ cutuuhitivc coo/mg 

gradually accumulates and as ",,nipc^ The 

effect the gas ultimately coo s to assisted by 

efficiency of this method ^ temperature^ M ihc gas. the 

^L^r'is'^hVm^gnU^^^^^^^ of the Joule-Thomson cooling. 
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The apparatus of Linde is shown diagramatically in Fig. 23. 

The air freed from carbon dioxide 
and moisture wliich would other- 
wise choke the apparatus is first 
cooled at — 20'’C by passing through 
a freezing mixture and is then forced 
through the inner tube of two or 
three concentric pipes at a pressure 
of about 200 atmospheres. This 
tube is hundreds of yards long and 
is coiled spirally to save space. By 
regulating die throttle valve, operat- 
ed by the handle T, the air is allowed 
to expand suddenly in a chamber to 
a pressure of about 20 atmospheres. 
By this sudden expansion the air falls 
in temperature to about — 78®C due 
to Joule-Thomson effect and this 
cooled air passes back through the 
outer tube. The incoming air is thus 
cooled by conduction by the out- 
going air before it expands and this 
cooled air falls lower down in tempe- 
rature by expanding through the 
valve, and then passes away through 
tile outer-tube. Tlius there is a cumulative cooling effect as a result 
*)f wlittli the incoming air gets sufficiently lower in temperature. 
Tile second throttle valve is then opened and the already cooled 
air gets licjiietied by expansion through this valve to one atmos- 
piiere. 'I'lie air that passes through the apparatus goes back to the 
pumps, where it is compressed to 200 atmospheres and re- 
circulated. ^\’hen sufficient amount of liquid air is collected 
it is siphoned out through the side tube. To minimise the 
absorption of heat frotn outside, all parts of the apparatus arc 
.surrounded by insulating materials, viz. felt, wool, feathers, etc. 

More efficient liquid air machines (e.g., Claude’s proccs.s, etc.) 
liavc now come in use which instead of solclv employing Joule- 
riiitmsnn elTcct make the compressed gas also do work by expan- 
sion against external pressure and thereby suffer cooling. The 
industrial imponance of ()xygcn and nitrogen for chemical indus- 
tries has led to tlic development of machines where fractionation 
and liijuef.action go on simultaneously and continuously. The frac- 
tionation is usually effected hv rectifying cohimns. down which 
liquid air trickles and meets an up-going stream of air. Nitrogen 
(H.I’.. -104°C) being more volatile than oxygen (B.P.. — I82°Q, 
the vapour uliich passes out from the top Ls nitrogen with a small 
j)ercentagc of oxygen while the licpiid widt h collects at the bottom 
is nearly pure oxygen. 

Since there is a commercial demand for , argon and neon, the 
former for use in gas-fiUcd lamps and the latter in coloured 



Fifj. 23 — Linde's 

Apparatu?4 
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liehts of the gas-discharge type (ncoti sign), these two gases arc 
prepared by liquid air manufacturers. These gases since they 
are more volatile than oxygen or nitrogen remain in that portion 
of the compressed air which escapes liquefaction. This |X)rtion 
is withdrawn, liquefied and submitted to fractional distillation to 
be purified from admixed nitrogen. Helium and neon arc then 
separated by treatment with cool activated charcoal, the separa- 
tion being based upon the fact that neon is more strongly 

adsorbed. ^ . • i; 

For commercial refrigeration e.g. refrigerators, ajr-concli- 

tioning, etc., the cmplovmeiu of suitable gases in the iKpienccl 

state is being rapidly developed; for this purpose, a'nmoma. 

sulphur dioxide, mcthvl chloride, the newly developed Ch .Cl, 

/commerciallv called freon or arcton). etc. are extensively used 

The last named gas. i.c. CFXK is almost ideal for commercia 

refrigerators as it is odorless, non-toxic, non-corrosi\c. inert ana 

very stable, and has excellent thermodynamic properties. 

Solid carbon dioxide under the trade-name "dry ice" als.> 
commands a large sale for ordinary refrigeration. Solid carbon 
dioxide has the peculiar property of directlv passing nu. 
vapour without going through the intermediate stage ot 
liquefaction because its vapour pressure reaches one atmos- 
nhcrc at -79“C which is lower than its melting point, -oib t... 
however, under sufficiently high pressure it “^“^1 

phenomenon of melting which it does at C at o- 

atmospheres Hydrogen and Helium— 

hum have proved to be the most difficult to liquefy. Not onlv 

these havc^tlic lowest boiling points, their 

to Joiilc-Thomson effect is anomalous too Instead of i s . 
cooline effect they get heated when allowed to expand suddcnls. 
and so could not'be liquefied by ,be alx.vc me, bod. I, -s a<er 
found that for each gas, at a patucular 

tcmncraturc called inversion temperature, only below u huh the 
eaTS on expansion. Fot hydtogen the inversion te.npera.utc 

is -80*C and for helium -240 C. 

Hydrogen was liquefied independently by 'IVavers ( 1 ^ 1 ) and 

‘S.;’ 

temperatures Hydrogen was obtained in large amount 

sx f^8 “ i -1 

towards the Absolute ^ro- After ''’I"';';;,;;'';;;' 
helium the thrilling idea of i.nagina.i,,,, 

unattainable absolute zero ^Vith the conventional 

and engaged the attention of physicists. Nviin 
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The different crystalline forms of the same substance are called 
polymorphs. 

ALLOTROPY AND TRANSITION TEMPERATURE 

The property possessed by an element to exist in different 
modilications giving rise to a difference in physical properties 
and to some extent chemical properties is called allotropy. The 
alloiropcs differ from one another in their energy content which 
may be due to an alteration of the number and arrangement of 
the atoms inside the molecules or in the arrangement of the 
atoms and molecules in the crystal lattice (framew’ork). Three 
types of allotropy are distinguished depending on the method 
of transition from one modification to another ; {a) Enantio* 
tropv, (/>) Monotropy and (c) Dynamic allotropy. 

> 0 ) Enantlotropy— It is the form of allotropy where the 
two modifications arc interconvertible at a definite temperature 
called transition temperature, one modification being stable above 
this temperature while the other form being stable below this 
temperature. (For Phase rule treatment, vide Ch. XV). 

Example of this lype is rhombic and monocHnic sulphur ’vhich has 
transition lempcraUire of 96'6*C. If sulphur is healed above this 
tem|ieriitiire it is slowly converted into the monoclinic form while below this 
(emperatnre the rhombic variety is stable and tbc two forms can co-exist 
at this lenippiatiiiv. Another example is grey and white tin, the former 
rrystalli>,ing in the cubic and the latter in the tetragonal system; the 
tnn.'ition tvMiipcrafuro is 20*C below which the grey variety is 
wlulc above tlii.s temperature the Mhile one is the sl<abler. In very cold 
the usual white modification of tin becomes unstable and some- 
fmii-s lli<> lato .if transformation frc.tn while to grey variety becomes so 

ili.it tiic wlioh' f.ills to a !>owder witli Ji cra^'king noise. This is 

tailed or 'rrnrJciiuj of It is reportcl that when Napoleon 

i<r--tiu"l - f’ fioni IliKsia in 1812. due to intense cold the conversion of 
will!,- to ■:r V tin bvtamo i^o lapid that tin buttons, medals and equip- 
niei-t 01 tin- soldiirs crutiiblcd away. So, the characlerislics of 

f raiitioi ro}iv uti'— 

Ut I\sis*fr\t'r of a frunnifion fnnj>eraturt:, ond 

1 tnfcrronrcr/tio/i of one /"'‘m to mioth^r, 

h) Monotropy — Svsti ms in which one modification is 

(OMMamlv unstable at all temperature and gets converted into 
' K- --lahlc variety, are called monotropic systems. So. here we 
■-in iliango one form into the other but can not effect the reverse 
•• liangc 1)V leinperatiire cliange only. 

Tho system, ozone — uiulrr ordinary <irounDiUncos, is an 
of iiionolio|>y. At oriliniry lenipcraturf. ozone is unstable and 
ifruinailv di*Miru|K>sis into tlio rale nf (]lvo^l(>•*^ition rising wth 

temiM TAtiirr. The sy^lrin, red jiliospliorvis — yellow phas]>)>orns is another 
i \;Mn|do io\\ in this if yvlhov* ] hu>plion)s is livitod for a long time tt 

* nllirnatolY rnnv<*rt»‘d in 1 <» u*d jilmsphnnis Iml the reverse chance from 
xvt\ (i> vallow is not dMo, the rdiC'^pliuins is vaporised and 

Hb <»ndeiiscil. The cxpiansiihn of this typA fd .il lot ropy is that there is 
nrtnally a transition Icinperature, vsliich is wcU altove the melting point. 
This I'vplanation is snipou^d by l!io fa<i that sumo systems which are 
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monotropic under ordinary condiliona, become enantiolropic under increased 
pressure!^ So, the main characteristics of monotropy are— 

(j) Tht non existence of any transition temperature, and 
(,i) r/nVi>cc(i07ia/ transition due to one form being comtantly unstable. 

(c) Dynamic AUotropy-Iit this form of allotropy the two 
forms exist side by side in equilibrium at all temperatures, the 
proportion of the two forms present being determined by 

n l^Lr” inralt'“a^\d a res.d. o^h,s the 

ot dynan„o 

allotropy are — 

ii) Non-existence of any iransilton lemjreralufc , and 
Hi] noth forms co-existing at alt temperatures. 

-t™ Ti« .™« i*' 

grey tin has been determined vc y g . same 

l^JucJdT^tcmiafwt in a 'Elution of a tin salt. ^ 

Comparison between h!dudcs nnlting 

In an extended sense tlie term \cvcrsib!c transition or 

following analogies arc to be noted. 

e,„aii^^ia,t ,^™i“^c^;r™nrcr'co.«"r a^o 

by side. 
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(ii) The transition point and melting point are perfectly well*dofined 
tcmperatuics^ whose values are changeable with external pressure 
according to similar rules. 

(ill) The transition from one modihcation to another as well as the 
melting takes place with either evolution or absorption of heat in the same 
way. 

(iv) It is possible to superheat or supercool one modification above or 
halovv the transition point easily^ but it is less easy to supercool a liquid 
below the melting point and far less easy to superheat a solid above the 
melting point. 

(v) A dissolved foreign material depresses the M.P. and also changes 
the transition temperature according to the same basic rules. 

SPECinC HEATS OF SOLIDS 

Dulong and Petit’s Law — Dulong and Petit (1819) dis- 
covered the very simple law that the product of the atomic 
•weight and the specific heat of solid elements is nearabout 6-4 i.e. 

Atomic weight X Specific heat=6*4 (approx.) 

This product of atomic weight and specific heat is called 
atomic heat and the law of Dulong and Petit is sometimes stated 
in the form that atomic heats of all solid elements are constant 
and equal to 6 4. This means that the tliermal capacities of the 
atoms of all solid elements arc tlic same. The following table 
shows the approximate constancy of the atomic heats. It is 
really striking that though the atomic weights extend from 7 to 
•j:iH vet the atomic heat values arc nearly constant. 

Atomic Heats of Elements 



Aioiiiic 

Specific heat 

Atomic heat 


694 

1 

0-9408 i 

6-53 

Sodium 

2299? 

0-283 

6 5 

\ luiniiiium 

27-1 

0-2142 

5-81 

Potfis^iiun 

.’.9- 1 

0-166 

1 6-5 

i \ 

(m'57 

0-0928 

5-88 

Sl!\ (T 

107-88 

0-0559 

6-0 

If'dlTU* 

126-9 

0-0541 

6-9 

( ioM 

197-9 

0-0304 

6-25 

Loarl 

207-2 

0-0305 

i 6-52 

Uranium 

238-6 

0-0277 

■ 6-61 


This law though empirically derived by its originators has 
l)ccn lent some theoretical support by Boltzmann who deduced 
it from the kinetic theory on the assumption that solid elements 
are composed of atoms executing vibration about tlicir mean 
positions. 

i 

Exceptions to Dulong and Petit’s Law — Some elements, viz., 
carbon, boron, beryllium and silicon having low atomic weights 
and high melting points, arc exceptions to the above rule, ^for. 
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their -atomic heats at ordinary temperatures ^ ^ . 

and 4-75 respectively, values much less than those dcmandc 
by Dulong and Petit's law. It has, however, been found that 
unlike other elements their atomic heats rise very rapidly NMth 
temperature and at higher temperatures 

So, they are not really exceptions to Dulong and ^ ’ 

and the above fact suggests that the conditions under %.hich an 
element obeys the above law are attained for these elements 

only at higher temperatures. 

its aRrecmc^fc ^vith experiment, seems acstmd to be final. 

Molecular Heat: Kopp’s Rule-The above idea was ex- 
tended to the case of compounds by Neumann. Joule. Kopp. etc. 
w^o fo^nd that the molecular heat of a .oUd compound (mole- 
cular weight ^specific hem) is apptoxtmatcly 

the atomic heals of the constituent atoms. This is sometime, 
known as Kopp's rule or Neumann s rule. 

The values of atomic heats which are to used for metalbc 

rdetermination of molecular heats of 

£:anl: nmlta. 

lions as thsit of its precursor, Dulong and Petit s 

CRYSTAL STRUCTURE AND CHEMTCATa 

CONSTITUTION 

Mitschcrlich’s Law of ‘“"""Phi™- """"Twas 

’T^tlrrS i-n \he PeLnner 

W^rtJe-crmmed sotety hy their 
number and mode of combination. 

Substances crystallising in the ‘::L!;™com- 

called isomorphous. Examples ‘“"’“"Pj;;. d„„verc? of the 

ir"l^rtL"lau'S';hrphafcs and arsenates. Also, other 
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cases of isomorphism arc well-known. Thus, common alum, ferric 
alum and chrome alum have similar structure K2SO^,M2(SOj3, 
24 H.O and are also isomorphous crystallising in the octahedral 
form. The sulphates of zinc, iron, etc. (FeSO^, 7H2O, etc.) 
crystallise in the same crystalline form. 

Criteria of Isomorphism— Only a similar outward crystalline 
form is not sufficient for two substances to be classed as isomor- 
phous. The following are the three criteria of isomorphism. 

(а) StmilarUy of crystalline form, 

(б) Formation of mixed crystals, and 

(c) Formation of overyTOicth. 

(a) Similarity of crystalline form — This is the fundamental 
condition of isomorphism. However, in no system of crystal 
structure except the regular cubic system, perfect identity of 
crystalline form is ever met with. The interfacial angles between 
two crystals usually classed as isomorphous are never exactly 
equal, though they are very nearly so. 

(h) Formation of mixed crystals — This is a very good 
criterion of isomorphism. If two substances which are isomor- 
phous are crystallised from a solution containing both, it is found 
that the crystals which separate contain both the substances 
though the solution is saturated only with respect to one of 
I'iM.nt. H a .'•oluiion containing violet dirome alum and ordinary 
ahiui is crystallised, it is possible to obtain crystals 
'i.'.hii., a coi -ur from deep violet to pale purple according to 
iho ai'KMint o[ t hrome alum present in the crystal. 

'c' Fortn-ihon *#f overgrowth — If a small crystal of one 
substance i- '■ ndecl in a supcr-.'^aiuratcd solution of another 
substance, whi;' ■- isomorphous with it, it is generally found 
that tlie crv.stai grows in size. Thu.s, if a small violet 

crystal of chrome alu'.- is suspended in a super-saturated solution 
of ordinary alum, the laiitv salt will be dcp(«sitcd as a colour- 
less mass with the mliuircd crvsial as nucleus, and thus a large 
crystal with a small colourcti nucleus just like the plum in a 
pliun cake will be <'h:ained. In the same way a green crystal of 
nickel sulphate may be covered with an overgrowth of colourless 
zinc sulphate. 

It seems the Mu.jierly formation of mixed crystal and ovor- 

urowlh is in sumo to other prtvpcrtics of cry.>«tals. the most 

important of which is tlo' inohcul.sr volume. For. it is sometimes found 
that isomor(flnms siibstan. ■ . ImvinR widely different molecular volumes 
will not fornj mixed cry.iiiU or overcrowth, while sjilistaiices which are 
not isomorphous hut have uqual molecular ^■ohunos may sometimes 

i xhibit the above phcnomcni 

Application of the I.aw of Isomorphism — 'I'hc law of iso- 
mor])hism has served a gu .t purpose in being helpful in the 
determination of atomic weight, for details of which the student is 
referred to Pan VI. 
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Exceptions to the Law of Isomorphism— Though the aw 
of isomorphism had (luitc well served its purpose in the e.yher 
development of chemistry, yet further research has revealed the 
existence of many exceptions. The exceptions are two-fdd. 
Firstly there is the great difficulty of riefinmg isomorphism. No 
tw'o substances except those crystallising in the simple cubic 
system have been found which have exactly identical ciystalhiK 
form: for example, ferrous sulphate and zinc su phatc. though 

crystallising in the same crystalline form, have 
angles slightlv different from each other. Another diflicults i 
the application of the law is hroughi out by the phenomenon ct 
polymorphism i.e. the capacity of the same substance ^ 

in more than one form-a fact defmirelv against the funda- 
mental postulates of the law of isomorphism. 

Obicctions of a graver nature have been urged against tin 
law of isomorphism. It has heen shown that substances o c,m e 
different composition and number ot atoms m the molecule ma\ 
he- isomorphOus. Thus, silver sulphide (Ag,S) and lead sulphide 
(PbS) are isoniorphous as well as ammonium alum and .i!k..l 

metal alums. Similarly exceptional is die 

calcium carbonate (CaCO,) and sodium nitrate (NaNO^) tor. Mu 
chemical evidence is here sufficient to show that the two sah^ 
have a totally dillercni structure. It has also I'.ecn shown that 
sulvstances having similar chemical structure may not lu 

isomorphou..^^ seen from the above tliscussjon that the law ol 
isomorphism is only an approximate generahsanon which brea ^ 
down !n tiuite a number of cases and therefore should hardU u 
called a law. hut its importance lies in the lact that it had i 
n!)Iy rendered historic service in the most needful and cukmI 
period of atomic weight determination. 

X-KAY ANALYSIS OF CRYSTAL STKUCTUKL 

Classification of Crystals-The high order of symmcirv and 
the serene beauty of crystals must have lascinated the philow- 
phers and scientists alike from the earliest times, ami exteiiMy 
ineculations were ventured about their structure. It was <|mu 

'sLewdly and rightly guessed 

regularity in the arrangement of the " 

and we owe to the geniuses of von Lam- (I.M-). 

W'- L liraKK (lltlSiK 1'. Ddn'c (I'-Hli) ajiil otlurs for a llioiuiin 

clucidaiion of the profilcm «itfi ific ficl|. of X-rays. 

From an examination of tlte external S>-m.nftrv o tryst.tK 
viz the shape or interfatial angles, tt lias l.een to untl tin t H 

crystals can f)e classified u, trier sraten systems ' 

table to follow A crystal can be descrihed with rykicn 

ihL straight lines, not necessarily mutually i'-j; ' 

ill the faci and interfaeial angles ran he exprr.sr t . th thr 
help of this frame of reference, a. b. and c st.uuhi g 
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lengths of the three axes of reference and a, /3 and y for the 
angles between them. 


System 


1. Cubic 


2. Tetragonal 


3. Orthorhombic 


4. Monoclinic 


5. Ivhombohedralj 


6. Hexagonal 


7. Triclinic 


! Axes 

; 1 

Angles j 

1 

^ ~ 

a — 3=v— 90® 

1 

! a = b ; c 

1 1 

i 

i ” ^ 

1 1 
a ; b ; c 

\ 

• • 1 

% 

1 

4 

1 

1 •’ 

a=v=90";Ji#W®| 

1 

1 a = l> = c 

I 

1 

i a = b ; c 

i 

|a«^ — 90“ 120* 

1 

1 a ; b : c 

1 

a + /J4=v + 90® 


Examples 


Bock salt, diamond, 
fluorspar, alums and 
garnet. 

Tinstone, zircon and 
potassium ferro- 
cyanide. 

Rhombic sulphur, pota- 
ssium nitrato and 
iodine. 

Monoclinic sulphur, 
borax and sodium 
carbonate. 

Calcite, sodium nitrate 
and quartz. 


Copper sulphate and 
potassium dichro- 
rnnte. 


From only the external form of a crystal it is not easy to 
judge to whicli crs’stal system it belongs. As for example, sodium 
cliloridc. which belongs to the cubic system and usually crystallises 
as cubes, mav also crystallise as octahedra when allowed to 



Fin. 24 /? — CuIk*. Uctnh'.'ilra uxul Pri^m 
a, NoCI^ alum; r, KNO^ 


Fiy. 2Afi — Siiiiie crystsil as an 
ootalieciruii <jr a laibo. 


crystallise from urea solution. Both these forms belong to the 
cubic system, tlie octahedron being a cube with exclusive growth 
of the ill-faces (Fig. 24). The external appearance depends upon 
the mode of growth of the crystalline body, i.e. on crystal habit, 
riuis. if a crystal grows predominantly along one axis, it will 
appear as a needle whatever he the crystal system. So. the crystal 
sv-tom can be ascertained bv a measurement of the intcrfacial 
angles and examination of the faces, and usually not by its 
geometrical shape. 
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Space Lattice and Unit Cell — For convenience of study, 
the inside of a crystal is visualised as an ordered assemblage of 
points in space, which are occupied by the crystal-building units. 
This regular array of points constitutes a three dimensional space- 
lattice (Fig. 25) and atoms and groups of atoms arranged on the 
space-lattice make the 
actual crystal. Axes of 
reference through any 
particular point are so 
chosen that they connect 
the nearest neighbours ; 
and lines parallel to the 
axes are imagined to con- 
nect the array of points 
and thus the lattice is 
divided into small cubi- 
cles called unit cells. For 
cubic systems the unit 
cell is a cube. The atoms 
of the crystal are so 
arranged in the unit cell 
that the entire crystal 
body may be looked up- 25— Spiuo 

on as its extension in 
space. 

The Cubic System — Of all types of space lattices the easiest 
to visualise is the cubic system in which the axes are rectangular 
and of equal length (Fig. 26). Atoms can be arranged on this 




Fijj. 26 — Tliiec types of Cul)ic I'liil ( ells. 


three-dimensional frame-work in different ways and thus different 
types of cubic lattices are possible. Pure geometrical consideration 
limits the variation into three classes as shown in big. 2(5. 


{a) The simple cubic lattice, where the units occupy only 
the eight corner points of the unit cube ; 

{b) The body-centred cubic lattice, in which each unit cube 
contains one building unit at the centre in addition to eight 
at the corners ; and 

(c) The face-centred cubic lattice with one unit at the ceniie 
of each of the six faces besides the eight of the simple cubic 
lattice. 
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Complicated lattices are formed by interpenetration of simpler 
lattices sometimes with some regularly recurring unoccupied 
lattice points. Thus the complex cubic lattice of diamond is 
formed by two face-centred systems. 



lOO PLANES llOPLANES HI PLANES 


^ lOO = ct HO = cT 111 

I'ig. 27 — Different faces of a Cubic Crystal 


The \arlous faces of a crystal of this type arc designated by 
rational numbers which are reciprocals of the distances from tlie 
origin at which a given face intersects the three axes. Thus the 
miinher 111 (called one-onc-one) denotes the face that cuts the 
ihtec axes at unit distances (Fig. 27). Similarly. 110 is the name 
for the face that cuts the .v- and y-axes at unit distances and 
inns parallel t(, the z-axis (Fig. 27) and UK) is the face which 
t ills .v-axis at unit distance and is parallel to the other two axes. 

DifTractitm of X-rays by Crystals— When a beam of X-rays 

tcr- 
thc 
are 

imt rference and thus give fisc to the phenomenon 
!-'i'>ni a suidv of the clinraetion pattern it has been 
1 pit Hire of the inner archiucturc of a crystal. 


nnsi-es through a trystal, each atom m the path acts as a sea' 
:i.’ centre and emits secoiularv radiation. At certain angles 
• M. -d lavs reinforce one another and at some tliey 


> llct 1: 

ihr 


i,. 'I IhiI in the Bragg meihoil which is graiihically 
'■ . js, ■['he incident X-ray wavefront, AB is 
. 1 ' . ..'A (.s>i\e l.ivtT'^. La( he the angle of intidence 
j 1 rell' t lion with rt•^J)Cc■l to the reflecting plane. 


I 111 kdvlit 



Kofloctotl 

X-vavj* 


Fig. 2i5— I ivatioii of Uragg Ktjualion 

The beam reflected from the first layer, O A' and that reflected 
from ilie second layer. O' B' will reinforce each other when they 
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are in phase, ie. when their path difference is an integral multiple 
of the wave length. A. Now. the path difference is 
= 0'P + 0'Q (OP and OQ being perpendiculars on O'B and U15 
rcspectively)=00' Sin POO'+OO' Sin QOO' = d Sine+^d 
Sin& =i2d Sin^.d being the spacing of the layers. So the condition 

for the scattered rays to be in phase is 

n ?. = ‘2d Sin 0 

which is die famous Bragg equation. In the equation n is any 
integer and its value is called the order of reflection. 

Crystal Structure of Rock Salt (NaCI) by the Bra^ 
Method (1913) — Determination of the strutiure of the rock salt 
crystal by W. H. Bragg is historically important in as much as 
it IS the nrst success of the new X-ray method. The apparatus 
used by Bragg is shown in Fig. 20. It consists of a single crystal 
mounted at the centre of a revolving table. A monochromam 
X-ray beam, produced on a rhodium target, is directed on ihe 
crystal and the reflected beam is received m an ionisation 
chamber connected to an electrometer. The deflection of the 
electrometer measures the intensity of the reflected Ixam. 



29 .Aiiiiaratus for X-ray ( rystalloniapliy 

Braeg rotated the crystal and measured the deflection of the 

electrometer for various angles of incidence of ll.e 
results are shown in Fig. •■Jh, wliere the intensity of a reflected 
lieam, as measured liy electrometer defleciion. is plotted “i!''''' 
tlie angle between tile incident and the rcnected heam. i.< . t Kt 
e angle of incidence. It is evident titat as the crystal ts roi. « 1. 
for certain angles of incidence titcre is strong , 

evidently corresponds to the positions where the Bragg cq 

‘“‘‘'it is known that NaCl crystal is of tl.c cul.ic 

i-'uir't r i^ui. 1. did^ent 
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for simple, body-centred and face-ccnired cubic lattices. The 
O* to* 20* ./s* 



ROCK SALT, NaCX 


KCl 


Fig. 30 — .\ngiilar variation of Bragg Intensity for XaCl & KCl 
respective values arc given in the table below. In Bragg’s 
experimental curves (Fig. 30) the first order maxima arc found to 
appear at different angles of incidence for different faces, from 


1 ^.V/^ of lattice 

^100 

^.U 

^100 

Simj)lc cubic 

1 -707 

*577 

Body-centred cubic ... 

1-414 

•577 

Face-ccntrcd cubic ... . j 

■707 

1-154 

Ohsrn'Cil I'litucs for ... j 

* 


SiKliiini (.'hhirule 

0-71 

M5 

1 '■r.i-viiim Chloride 1 

1 ■■■ ' 

0-71 j 

058 


' , . . : " of f^ragg equation. These observed 

'! ''j foregoing table. From a comparison 

: ' 'I and experimental values given in the above 

> c. It t tltai the rock ."ialt crvstal is a facc-centrcd 

culm one. 



V (V i £ 5 M 



o. analysis. 

[Aftu.-il (left). Cl . UiL-iiiT spheres: sdicmatic (right)] 
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Another important point in Bragg’s spectra is that for the 
111-plane the first order reflection {t.e. for which n=l) is very 
T.-eak and for the KCl crystal this is absent. These result are 
.also in complete agreement with the struaurc of NaCl as sho^n 
in Fie. 31 which consists of a face-centred cubic array of Na 
ions and another face-centred array of Cl' ions, the ^two 

interpenetrating each other symmetrically so that . J" 

surrounded by six equidistant Cl' ions and vtce-versa (co-o^ma. 
lion number lx). It is readily seen from Fig. 31 that the m and 
110 planes contain equal numbers of Na ai^ Cl . 

alterLcc 111 planes arc built wholly of Na+ ions ^1 ‘Ofis 
This creates the interesting situation that ^^hcn the reflect on or 
the 111 Na^ -planes arc in phase, the reflection tor 111 L-i 
planes arc 90^ out of phase with the Na+ -reflection and so the 

'lirst order reflection is very weak in NaCl due to 
The scattering power of Na^ ions is not exactly 
of Cl- ions and so there is incomplete imerfcrcncc and a ueak 
first order reflection is observed. However, in the case of KU. 
the K+ ion and the Cl" ion being comparable m size am 
.'electronic structure, this interference is practicallv complete and 
the first order lli-reflcction is absent, so that KCl appears as . 

simple cubic structure. 

Once the NaCl structure was established it 
extend the method to other crystals with confidenec. Thus K 
structure was investigated and found to be similar to that of 
sodium chloride but as explained in the previous paragraph, the 
sottcang pLer of and Cl' being aI>out equal, it appears 

with X-rays to be simple cubic. 

lo'be^x"^* In ‘tTc XS’'pfcking"pSsible, the maximum nurn^r 

AppUcadon, oJ ^ 

work of Bragg laid a sound foun * j enlarged 

un:!:vMg'r:bou. .ho of n.a«cr. a.,., .o,,. 

mentary carbon, diamond is cubic whereas graphite > 

in the hexagonal system. Unked to four 

In diamond every carbon .yom is ^ internuclcar 

carbon a<on.s (c.ordinanon in 

distance of 1-54 A. the same as the carbon 
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aliphatic compounds. In fact, a diamond crystal may be regarded 
as a giant molecule (raacronioiccule), each carbon being linked by 



Fic, 32 — Crystal strm tiire of Diarnoml (/< //) ami jirapliite {ri<jlit). 


co\alent bonds to the neighbouring four carbon atoms. Such a 
structure is responsible for its extreme hardness and high melting 
point (Fig. ,‘12). 

Grapliiie on the other hand is a planar net-work of hexagons 

with C — C distance 142 .A, as in benzene. Each plane is 

separated from its next by a distance of 3-41 A and .so the 
inierplanar lorces are comparatively weak and this is responsible 
for easy cleavage of graphite. 


1 he structure of diamond, for that matter for all crystals, is 
loo idealised, and real crystals havi lattice defects, which mav 
lon^nt of sineh nr aggregate vacant sites or some interstitial 
ifoins in rlu- !at(i<c. Such defects give rise to many interesting 
and iiscliil pinpi'nits. 


" — .\-iav analysis has given u.s a deep insight into 

the 'tructiire of .tllovs and inter-metallic compounds and has 
l)ec II (»l gfeai inipoiiaiue in understanding their useftd properties. 
Ion- insiann'. {.ii. .\g atui .\u are kmiv\n to form alloys among 
ilHinselye>. and uid> oilier metals. I’p to a certain' limiting 
1 nmposiiinii tlu.se alloys are in a particular phase, called the 

■ phase, and uiili a further increase in tlie proportion of the 
'ecvnd eomponenr a lu vv pliase calh-d the /3-phasc. appears. 
\ ray anaivsis has revealed that throughour the i-phase the 
-;roins of the second component siniplv replace lliose of the fust 
in the hirluito existing simple cuhic lattice. As the limiting 
. nmpOMtion is crossul. a hodv-ceninrl lattice hegiii> to be formctl. 
i Inis Mirass. r' presenied bv the formula Cu7n. has a botlv- 
•iiuied cubic lattice with Cu atoms occiipving the centre of the 
‘ nhe formed bv 7.n atoms and vkv-ver^,:. In manv allovs further 
piiase changes ;iie noriecd and tlusc have Invn found to be 

■ noMcpieiit on lattice changes. Generallv. allovs l>ccomc brittle 
on heating a ready explanation of uhith is ihai the cTYsiallinc 
order i-- disrupted bv the increased thcimal motion of the atoms. 

Proteins, fibres .nul other long chain nioU-culcs. and also 
c-omplicnred orgame inolc'cules s,u h as penicillin, viramin B , etc. 
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have received intensive attention from X-ray • 

which has helped to arrive at an understanding of their orderh 

internal arrangement. 

Classification of Crystals according to Bond Type^The 
crystalline structure is due to chemical and quasi-chcmical bon > 
existing between the building units, and depending upon the 
these bonds crystals^an be classified into four general 

divisions. 

r«) Ionic Crystals, in whicb the structural units are ionj. 
bound together strong Coulombic forces of attraction ^^Inc ^ 
siipplv mifst of the crystal energy. A typical example ts 
cld^riVle crystal. Due to the strong clccnostatic bnulin,, for 
such crystals are Iiard and have high melting points. 

(b) Metallic Crystals, in which the metallie bond exists- 
Metals and alloys belong to this group. Only positnc ions oe i 
,1 e ttice point's and a cloud of electrons pervades the A 

!s cbaracteristie of the metallic bond, the inctaUu eiystah a,. 

highlv conducting and opaque. 

ic) Covalent Crystals, in «lnd, the huiUli,^ 

Jbe pTriodf expected, a diamond-like lattice structure 

and liardness exceeding that of diamoml. 

iPsSlSil 

strength these .are low-melting, 

Thns from the above .lisen^inns. ' In- 

from .adamantme crystals to flcxih e ^^^ l.Kaiii.n of 

iljtm: ^nd'r ;a;^:n-li::^n or\he electrons wbieb bind 

them. 


EXKIU'ISE 

2 Write wliul you know of Ptilong urn weitjlils of .kiiu-til-. 

LZ^t 

will, the slndy of exceptioius to this law. 
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3. Explain with illustrations what you understand by ; — {a) allotropy 
(b) isomorplious mixtures; (r) isomorphism. 

4. What is Mitscbcrlich’s law of isomorphism? State the uses to 
which it has been put. How would you definitely prove that tho suspected 
case is one of isomo*'ohism? Point cut any apparent exceptions to the 
law. 

5. Explain what is meant by “almost all the atomic weights can be 
•determined through isomor|ihic relations.’* 

6. Discuss the difference between allotropy and isomorphism. 

7. Write notes on : — enantiotropy, monotropy, dynamic allotropy, 
transition temperature, space lattice and nuit cell. 

8. Discuss cubic system of crystal structure and describe how the 
struct uio of rock salt was determined with <he help of X-rays. 



CHAPTER VTI 

PHYSICAL PROPERTIES IN RELATION TO 

molecular structure 


if Sis: Si 

cases and so! refractive index is an intensive property. 

There are Other properties, called extensive properties whose 
values arc ™o,»Jtiona’l .o the mass of the portion of the system 

a:Uo.'voh.me is an extemi« . Any^^enstve 

ImS pro;:^??;." Mo^t Vlhe “properties «e shall study in this 

chapter are intensive properties. Mo.t 

'.dais... r -s s; 

physical propcrt.es per nol ‘‘t't P^r Y 

conrtitutee , e. ns rotaMah.^ constituent atoms in the molecule 
which can be assigned chemical constitution or 

!^;uctr“.fr:x.rphy*.ai Cherniy ir^ 

inLr::’Z Ppcrtlcs as we shall presently 


T 4;S't 

;!;:L.^irioS!^ osmotic pr«--^^f doSv 

lntc.?LC‘'bdng "urcedv dependent on the number of d.ssolved 
imits in solution. 

SPFXIFIC AND MOLFXULAH VOLUMF, 

The volume in c.c occupied oy one ^am “V 

is called its specific volume and th tlcnsitv be d aivl 

«ram molecule is called nudor volume. So if the 

ilie molecular weight. M, wc have, 

Specific Voluine=^^ and Afolar Volume ^ .^c.c./mol 

Kopp (1842) was the first to nica^surcT the mohr 

tions on the molar volumes int, under atmospheric 

;“irure “aUtot/'haf ^ any h^otSologou. series, the molar 
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Volumes of two successive members difVered bv a constant 
amount corresponding to ilic group CH^ which pointed to the 
fact tiiat perhaps every atom or group had a characteristic molar 
\oIumc and in comjjound formation these values of their molar 
volumes were retained. He enunciated this as a law called 
Kopp’s law which may be stated in the following wav:— “T/ie 
molecular volume of a liquid is equal to the sum of the atomic 
volumes of the constituent atoms”. 

The volume ascribed to one atom of anv clement is called 
its atomic volume and these values of atomic volumes are not 
the same as the true atomic volumes of the free elements. The 
atomic \olumcs of s(»mc common elements are C=ll(); H = 5';5, 
O" (in ketone, etc.) = r_>-2 ; O" fin acids) =110; >0 

fethers) = 7’8 to 1 1() : N^lo-O: N (amincs)= l(Vr> tr« Ti t). 

This law is only apprrjximately true, the atomic volume of 
the same clement changing markedlv with its mode of combina- 
tion. Also, according to Kcipj>’s law. we would expect two isomers 
to have the same molar volumes, which is far from being true but 
gcncr.dly speaking, the agreement among the values of two 
is{)mers as also that calculatetl from Kopp's law is within o per 
tent. So. (he molar volume is nt>t a siricilv additive but rather 
a constitutive prf»perfv. 



SUKI'.XCl-: TENSION 

I he Nature of Surface I'cnsion — The molecules of a liejuid 
Od.tit eath otlur ami the forte o| attraction falls tiff rapidly with 
ill*' distance, and so \i niav he rcgnrtied that there is a sphere of 
inratiion lor i :k h inrplecule whith will attract other molecules if 
they lall wiilnn (his sphere of atrraciion. A molecule whith lies 
. niiialv inside the lupiid is atir.acted equally from all sides, since 

its sphere of attraction lies wholly 
insidi the liqtiid as a result of which 
(here is no unhalancetl h>rce re- 
maining on it. On the other h:tnd. 
a molecule «)n the surfate lavir has 
got tile litpiid only on one side of 
it and so will he attractei! bv :ill the 
molecules in its sphere of inlluence 
(ouards the interior ol the liquid. 
It is therefore acted upon bv a force 
’Ahitb tends to drag it in the interior 
of tiu lii|uiil. Ibis iinb.alanced 
lone will giaihiallv diminish with 
the depth and uill vanish below a 
ilejuh just equal to ibt radius of 
• iftraction ol the iiM»leiuies. So it 
appears ihat .i thm layer on ilu surface is under a siat^. (,f tension 
aiul uork is to he done in bunging molecules from the interior to 
the sill lace /.(•. in imicasin-.; liie surface aiea 


r • 


t I 1 


I — 

^ — 


I , 


55 - Aui \ C\‘ 

iiisuie a 
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The Definition of Snrface Tension— Thcrdorc, every liquid 
behaves as i£ it were enclosed by a skin or membrane. «liicb aliiays 
tends to contract so as to keep the liquid under tension Imagine 
that a cut of 1 cm length is made in the surface membrane the 
membrane of course docs not exist, but the liquid behaves as if 
docs) ; there would be a force equal to the siirtace tension on eat 
side of the line lending to open the slit. It is pist like a .hct 
rubber stretched across the top of a beaker. If a silt was to lie 
made in the rubber, which was still kept under 
as before l)y some mechanical means, there would be a for 
each side of the slit tending to open it i tliis forte is die siirfate 

tension. , 

The surface tension therefore, is defined as the force tn dynes 

aionfi the surface acting at right angles to any " 

ihe liouid. So its unit is dyne per cm. Note carefully that 
surface tension is not a pressure on the surface, but iS a font 
along the surface acting at right angles to any imaginary line on 

the surface. 

It is the existence of surface tension which imparts siihcncal 
shane to rain drops and causes capillary phenomenon. 1 
maLmiuide of the surface tension depends on ihe natuic oi the 
liennd on the nature of the vapour above it and on the lempeia- 
tore The surface tension values hi dynes per cm. of some well 

known li(|uids are given below. 


'I'finp. 


o°(: 

20“C 

40“C 

80‘C 

lOO'C 


Water 


7564 

72-75 

69-56 

62-61 

58-85 


Alcoliul 


24-05 

22-27 

20-60 

15-47 


lieliziTH- 


31-58 

28-88 

26-26 

21-26 

18-78 

4 LU^ 


Aci’tOlH- 


26-21 

23-70 

21-16 

16-2 


UTl ii Methods of Determining Surface Tension 

^ ^ menon associated with surface tension affords a rcadv means to. 

meamriug its value. Thus, the weight of a drop 
nniUarv the pressure inside a bubble in ilic Iu|UkI, .. 
bTrl c^pltcd’’ To calculate surface tension. But mos. - 
quentlv used metliod is the deternunation 
in a capillary tiilie. where ihe surface tcnsiun y is giv cn hv 

equation, 

,. ... 

e being the density. 1. the height of the liquid 

dS:Tn"y Txrho:;;"on ^gc'iemrTiiyTics™ ouhM,c cmi.du d. 

variation of Surface Tension vyith vvi.h 

rTt^lUairTuiS = ^r.-'^dca. tempetatme. 
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Eotvos (1885) deduced theoretically that molar surface energy, 

a liquid should be a linear function of tempera- 
ture, where M is the molecular weight d, the density of 
the substance and y, the surface tension. Later, Ramsay and 
Shields in 1893 experimentally verified the same and found that 
the following equation is valid for many liquids within a few 
degrees of the critical temperature. 

_X-6) {Ramsay and Shields' equation) 

where K is a constant, called Eotvos constant, which is approxi- 
mately equal to 2'32 for manv liquids and T,- , the critical 
temperature. 

Application of Rarasay and Shields* Equation — This etjuation 
inav be applictl for various purposes : ( i ] firstly, it is possible 
to calculate the critical temperature from surface tension data. 
I h’ ) secondlv. the molecular weight can be calculated from it 
and [ iii ] thirdlv, the ctpiation is employed to determine 
whether a liquid is associated or not. for it is l>clieved that 
for all associated liquids, the value of the constant. K. differs 
from 2'12. 

Molecular weight from Surface Tension — I lie calculation of 
moleiiilar weight from the abo\c equation is illustrated from 
lite followin'^ data of Kam^av and Shields. 

KX.XMi’I.K 77i. ctilifr „t K„rhi'-r (>imon for hrnzoir m .•JUp dt/ntf ptr 

I I, I'f I'l'-r Iinil ?S--y 'll th, ihnsiti, ;/ Innzdic nl U'^l' being 0-S9i) 

tnul of J’/f' hdwj 

T,»k<‘ <lio e'-Ui.-ral Ci-i- wln-n- y,, ari.i il,, are ihf suiface loi’.-irni nnd 

■ ii i.s'itv at iftiipi-raiiirc. 'V . ;u.d - nntj f/_ the i (lITl■^}lotntin;; 

valm-. mT, T.-6) «nd 

212 ('I', T Siil.tv.K tine i nu cqiKition from the ollur, 

■,.(4.')— Yd:'/) =■'- 



212 < r 

r>r \I 1 


Iv 

‘ (/ )' 

Sul)>t itul in;; Hit* vultu \«2 of 

r.. T., 

uf i;**l 78*r* (iir 

nhir 

v.iT'v fiixoin a)i)v lilt* 

’ i'l teal 

Parachor -The '.oiaiion 

of suvfac 


•e 


.otnparing 


nincraturc 
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where D and d are the densities of the liquid and its 'apour 
respectively, v the surface tension and k, a constant called 
McLeod constant which is characteristic of the liquid and is 
independent of the temperature. If M is the molecular weighi 
of the substance, the parachor P is defined by the equation. 

1 My} 


P = Mk^ ^ 


D-d 

i.e. the parachor is the fourth root of the McLeod constaul 
multiplied by the molecidar u'eight of the substance. 

Atomic & Structural Parachors 


Atoms 


Parachor 

1 

1 

Structure l 

1 

1 

Parachor 

4-8 

Double bon<l 

1 

25-2 

17-1 

Triple bond 

46' 0 

200 

Semipolar bond 


600 

Benzene ring 

0 I 

53-8 

Naptha Icrie ring 

12-2 

680 

5-Menibered ring 

8*5 

12-5 

8-.Meinbcred ring 

2‘4 


Carbon 
Hydrogen 
Oxygen 

Oxygen in osiers 
Chlorine 
Broniine 
Nitrogen 

If the density of the vapour, d is neglected in cniparison 
with the density of the liquid the above cquaimn can l.c 

written as 

MvV* 


P- 


D 


= 7'/*Vi 


where V|is the volume occupied hy one mol of the hi|U.d. II 
tlie temperature is such that the surface tension is unity, 
parachor'^ becomes equal to the molar volume and 
ftnrac/ior may be regarded as the molar volume of a suhslamc 
Ze is Ziace tension is unity. Therefore, by comparing the 
lachors of various liquids, we are really comparing iheii 

lY^nlar vnliimcs under unit surfsce tension. 

Wden showed that the parachor of a com,«und is an 
additive property and there arc deHnitc values associated wit 
cth atom ^depending on die particular way m wdiic u n 
attached. Some of the values of parachors arc 
the foreeoinc table. Since double bond, triple l)ontl mi 

=rt£^ riling m- a- 

cal view of pentavalency of nitrogen nitrobenzene has the struc 
ture. , whereas this is considered impossible by the 

I,.cwis theory of octet since this structure will necessitate 
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(five pairs) electrons round nitrogen. The alternative structure 

is C.H.N^ , where the bond shown bv the arrow is a coordi- 

nate covalent or semipolar lx)nd formed only by one pair of 
electrons contributed by nitrogen. The calculated parachor for 
the first structure is 288-9 and for the second structure is 264-1. 
The observed value is 204-.*) which admirably agrees with the 
second structure. 


> 


VISCOSITY OF LIQUIDS 

The Concept of Viscosity— When a liquid Hows, each portion 
of the liquid experiences a resistance to flow when flowing past 
another poi tion, somewhat similar to the friction between two 
solid surfaces. Viscosity of a liquid is a measure of this ‘internal 
friction of a liquid’. 

The idea can be easily grasped and (juantitativcly formulated 
from the simple picture of a li(|uid flowing in contact with a plane 
surface. 1’ as sliown in Fig. H4. There are two important points to be 

noted in this flow pro- 
cess. Firstly, the plane 
surface would experi- 
ence a tangential force 
parallel to the direction 
of flow and would tend 
to move along the line 
of flow unless pegged 
down firmly. The 
secoml feature of this 
flow process is that there 
is a gradient of velocity 
of flow established at 
right tingles to the direction of flow, in other words, the velocity 
' f flow is zero on tlie stationarv plane surface. P and increases 
- miniimislv as ue move up into tlie Utpiirl at right angles to the 
. ’tiiion of flou, I’.videntlv. d>is tangential force on P depends 
. II ilu- .iria of the surface and on the velocity gradient. This 
I'orn’ fn'r unit area per unit vrhtcity gradient is allied 
r, aifffkirnt of viscosil\ of the liquid, tir simply, viscosity and is 
.i' luited i)V 1}- I'bidemly, viscosity governs the flow property of 
i liijuid. tile liigher the visctisity the lower is its tendency to flow. 
The abotc loncepr of \iscositv applies even when the stationary 
surface is alisent, that i.s, in the interior of a flowing litjuid and so 
\iscositv is uoiKTallv formulated as follows. 



1*1 


— \’i>riniv cir 
bv il fl' - V 


oil it fixvil surface 
. liqinii. 


Coefficient of Viscosity. ->7 = 


Tangential force 


Area xt clocitv gradient 


Since the unit of force is dvnc, that of area is square cm (cm*) 
and that of velocity gradient is cm per second per cm (See"'), the 


SOME PHYSICAL PROPERTIES OF MATTER 


81 


unit of viscosity is dyne-second per square cm. This unit is called 
a poise, after the name of Poiscuille, who 6rst made systematic 
study of liquid flow through capillaries. 

Experimental Determination of Vi^osi^ -The most Ire- 
uuently used method of determining liquid viscosity is based on 
xhe determination of time of flow of a gi'cri -=» <=» 

volume of a liquid through a length of capillary 
tubing and to compare this time of flow with 
the time of flow of the same volume of another 
liquid of known viscosity. An apparatus m 
common use for this purpose is the Ostwald 
viscometer (also called viscosimeter), a form ot 
which is shown in the diagram {Fig. 35). 

A known volume of liquid is introduced in 
the viscometer maintained at constant tempera- 
ture bv immersion upto the neck in a thermusiat. 

The liquid is pushed up by gentle blowing into 
the upper bulb and is allowed to flow under 
eraviiv to the lower bulb through the capillary. 

The time required for the liquid meniscus to jiass 
between the two marks is determined with a stop 
watch. The time of flow is also determined for 
a litiuid of known viscosity, say, water. If all the 
requisite precautions arc taken, the viscosity is 
proportional to the product of time of flow and 
density, i.c. t?, : = and so the viscosity 

of the experimental liquid is easily computed. 



Fig. 35 — 

Oslwald 

ViscoiJU'tei 


Viscosity Values and their Importance —Viscosity is an 
important determining factor in many properties concerning 
iiqSids. for example, the rate of fall of a solid through a liquid a 
also the rate of rise of a bubble through a liquid, the rate of flnw 
of a liquid through an orifice or through a tube, any kind 
movement t)f a solid inside a liquid and so on. 
affects only the rate and not the final position ’ ! 

anv of. these properties because m its definition there is a turn 

factor involved and so this property is called 

liuch processes ‘rale process as opiroscd to equilibrium procc... 

The viscosity of ordinary liquids extends over a wide range, 
for cxLmpTfrom abor,. two mil^ipoise for ether u.abour ten po.r 
for clvccrinc at nearaboui room tcinpcraiure. Water has a m co 
siiy of about one ccntipoisc near room temperature. 

The viscosity of licpiids generally decreases tisc of .cm- 

"tido^n >tas been iibened 

6 
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If) the jumping of a group of people from one train to another to- 
and fro benveen two trains in parallel unequal motion ; it is 
evident that such groups would resist the motion of the faster train 
relative to the slower one. Liquid viscosity on the other hand is 
due to intcrinolecular attraction or internal cohesion and so 
decreases with rise in temperature. 

OPTICAL ROTATION 

Specific and Molecular Rotation —Many substances, notably 
some organic bodies, have the peculiar property that if a plane 
polarised ray traverses such a medium, the nlane of polarisation 
is turned through a certain angle. Such substances which rotate 
the plane of polarisation arc called optically active. Those 
whicii turn the plane of polarisation to the right are called 
dextro-rotatory and those which turn the plane of polarisation 
to tlie left are called laevo-rotatory . 

For purpose of comparison, the results are usually expressed 
in terms of specific rotation [a] for a fixed temperature and 
particular wave length (say, the sodium light), the specific 
rotatory power for a pure liquid being given hv tlic equation. 

here [ 1 ] is i\\c specific rotatory pov:er at a temperature l*C 

ind for the wave length of sodium D line. / heimj the length of 
the eoluinn of liquid in doiinu-tres through which the light 
traverses and d is the densitv. For solutions, the concentration 
is siihstiiiiu fl for densitv and the equation hcionies. 


ulur.- I- is the roncentration of the solution in gms per c.c. 
riic iunlcciilar rot., lion is obtained bv multiplving the specific 
rotation with the ninlcful.ir weight. Optical activity is usually 
nu asured hv an instrument called the polarimeicr. a full descrip- 
’ioii of which is nxailahle in anv text hook of practical physical 
: lie- listrv. Optical ai livitv is often utilised for a rapid and accurate 
I .nation of opticallv acihc com])ounds such as sugars, alkaloids 
1 I the like. For such purpose polarimetcrs are extensively 
iplovcd in sugar factories. 

Optical Activity and Chemical Constitution — 'fhat optical 
• u livitv of organic compoiincls is due to some kind of asvmmctrv 
u;is N.igiielv poinlecl out bv tbe* great French chemist, Louis 
!^l^Il•^'r. l.ut the feal iredif of the discoveiv of the true cause 
goes to N’an’i Hoff and I.<' Bd (1871). Van't Hofl suggested that 
-he fcHir \ alone ies of a varbon atom are directed towards the 
.tngular points e^f a re-^\ilar tetrahedron, the carbon atom occu- 
)>ving till' centre. If all tlie four groups .ire different the 
central carbon atom is callc-d an asyinnirlrie carhon atom and it 
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is easy to show by means of spatial models that there are tuo 
ways of arranging these four groups about the asymmetric 
carbon atom, giving two isomeric molecules which arc ^trror 
image to each other and cannot be brought into coincidence 
with each other. The two forms will be identical m chemical 
and physical properties except that one form will rotate the 
plane of polarisation to the right and the other to an 
to the left. In support of this theory it has been found that all 
organic compounds containing at least one asymmetric carbon 
atom can exist in both dextro and laevo-rotatory forms, but std 
now, there is no means of theoretically calculating the extent 

rotation. 

This type of optical activity arising out of molecu ar 
asymmetry/^ists not onlv in carbon compounds but may also 
exis^ is almost all compounds of suitable structure contammg 
multivalent (four or more valent) elements. Thus, optically actnc 
compounds of cobalt, platinum, silicon, tin. etc. have been prepared 

and studied. 

Many transparent snbstanrc.^ such as water, 

REFRACTION OF LIGHT 

Snecific Refraction— The refractive index of a liquid vanes 
with^^mperature and in order to arrive at some measure of the 
refractivc^power of a liquid which is independent of temperature. 
iJrcnz and Lorenz (1810) from purely theoretical reasoning 
arrived at the following expression for the s(jcafic refractio,, 
conslant, r, and the molar refraction. R = Mr 

,.2 11 a“ — 1 M 

where /iis the refractive index and d is the density. 

Specific Refraction Constant of Liquids (c.c.) 


Substance 

1 

J 

/A * - L _ 

LiV/wfV/ 

(iasrous ' 

Lit/uid 

O'ttsrou:^ 

Water 

rs- 

CHCl, 

0-3101 

0-4547 

0-2694 

0-3334 

0-4977 

0-3000 

1 0-2068 
0-2398 

0-1 79b 

0-2068 

0-2405 

0-1790 


The value of r arrived at from this formula holds constant tor 
'I f'lirlv wide range of temperature and is equally valid foi 
iinuid and the gaseous statL The foregoing lah le. quota Irom 
the work of BrQhl. illustrates ihc above points, the wa\c Iciig 
used being that of the D line for sodium. 
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Atomic and Molecular Refractivity — ^The product of the 
specific refraction and atomic weight is called atomic refraction 
and tile product of the specific refraction and molecular weight 
is called molecular refraction, R, which is given by the formula 
shown above, where M is the molecular weight of the substance. 

Briihl showed that molecular refractivity is to some extent 
an additive and to some extent a constitutive property. Thus 
an atom, say, of carbon has got different values of its atomic 
refraction depending on its mode of linkage. The atomic refrac- 
tions of some common elements are as follows: 

Hydrogen, (H) 1051 ; Hydroxyl oxygen, (O) T21 ; 

ethereal oxygen, (O) 1'683 ; Ketonic oxygen, (O)" 2'287 ; 

doulile bond, TTOO ; chlorine, (Cl) o’998, etc. • 

Given the molecular formula and the structure of a com- 
pound, the molar refractivity can be calculated from such a table 
and compared with the observed value. Briihl has sometimes 
applied tliis method for gaining information as to the existence 
of certain types of bonds, but after all. the evidence will be 
accepted with caution as the additivity of molecular refractions 
is only approximate. 

ABSORPTIOX OF LIGHT 

General Description — If a rav of light is passed through anv 
iransparent medium, a portion of the light may be absorbed. 
The amount of absorption depends, among other factors, on the 
nanire of rbe medium and on ihc wave length of the light passing 
through the medium. For example, a colored solution absorbs 
visible light and. in fact, that is why it is called colored. On the 
ntlur liand, benzine, which has no absorption in the visible and 
M) is colourless, ab orbs strongly in the near-ultr.'iviolet. Had 
luiiuan eves been si usiiive to this region of the spectrum, benzene 
.\()ulcl have appeared iutensclv colored. 

The absorption spectra of gases and vapours consist of a large 
Tiumber of discrete lines and bands and have been thoroughlv 
I ivcstigateil bv spci troseopists. It is, however, beyond the scope 
i>l' the present work to give oven a brief account of this field and 
only a very clcmcntarv treatment will be given later in Part V. 
■) he absorption spectra of liquids, however, contain broad lines or 
unions, and intensive studies have been made of absorption of 
liglit of idrraviolct, visible and infra-red regions with various 
liquids and solutions. The .apparatus, gcner.ally employed in 
iluse investigations, is calleil a speclrophotomeler which measures 
the intensity of light of dilTeront wave-lengths before and after 
jias>ing through a given liquid. Simpler devices like colorityieters 
or til>s(>rpliomclt’rs arc also used for the same purposes. 

Mechanism of Light absorption —The ultraviolet (U.V.) and 
visible portion of the spectrum which is ortUnarilv investigated 
for analvtical and other purposes extends from 200 m fx (milli- 
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micron) to about 400 m ft for the ultraviolet and from about 
400 mi onward to somewhat below fiOO m,. for the visible. The 
mechanism of light absorption in these regions is similar and is 
essentiaUy electronic in origin. The absorpuon of is «“5cd 

in these regions by the energy of the radiation being transferred 
to electrons in the outer orbit of the molecule, which undergo 
transition to higher energy level. Absorption in the infra-red 
(I R ) on the other hand, docs not involve any electronic transition 
but is governed by oscillation and displacement of the aton« m 
the molecule, and hence t.R. spectrum is often called vibrational 
and rotauonal spectrum. Besides dtis fundamental d.nerencyn 
theoretical approach, the experimental technique for I.R. is some 
what difierent and difficult, and so f.R. absorption is treated 
separately from visible and ultraviolet absorption. 

Applications of Light Absorption Measurement— In physical 
chemistfv the most important applications of measiircmem ot 
light absorption of liquids are (a) for rapid chemical analysis < f 
admixture, a component of which has strong absorption a .i con- 
venient wave-length and (b) for the determination of clienmal 

Structure of organic compounds. 

(a) Analysis by Light Absorption -The principle of such 
analyses is vLv simple Suppose we know the intcnsiiv of light 
absorption at a suitable wave-length of a colored subsunuc. s.iy 
imSthvlene blue, at various concentrations : it is now xcry c.isy to 
estimlte methylene blue in a similar solution of iinknoun stiength 
by measuring its absorption at the same wave-length. 

It should be noted that absorption is not proportional to con- 
centration. i.e. doubling the concentration does not Imng aim t 
double absorption. It rather follows an exponential lau uith 
respect to concentration or thickness through which 
In other words, if a certain concentration cuts off a certain fractio 
of incoming light, every equal increment in concentration «ou 
bring abou? a^furthcr reduction by the same fraction. Hu. 
cxprlscd mathematically by the Beer-Lambcrt La^^. 

where /, is the original intensity, / is the 

tion bv a solution of concentration c; and r. 

is a constant called the absorption ions 

it I :^:y i^r:?:u 

This principle is extensively used in coloriinctri 

ahso<?r^n “tStiErE 

i—te r lieSSion x 

=T:ini^ts:^:^n15r t^ie same tvpc of ahsorp- 
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tion spectra ; for example, all the permanganates have got similar 
absorption spectra, and so on. 

As an application of this method, a case cited by Hartley 
>viil be described. The constitution of isatin, an oxidation pro- 
duct of indigo, could be represented according to its chemical 
proj)crtics either as formula I or as formula II. 


1 . 


/CO 


/I 


o. 


/CO. 

II. C.H.< >COH 
\v 


(Larlam .Structure) (Lactiui Structure) 

1 wo isomeric methyl derivatives of isatin arc know’n and their 
constitutions are known with certainty. Thev have the following 
tw(i structures. 

/ CO V .CO. 

J- >C<.» II. C.H./ >COCH, 

1 he absorption spcttnim of the second mcthvl derivative 
was found to resemble very closely that of isatin and so it is argued 
fhai isatin has the formula II i.c. has laciim structure. 

However, this meilnid. as far as \isihle and ultraviolet spectra 
;ire tonceriiecl, has been found tf> gi\e iimelial)le information in 
many cases and lias lately fallen into disrejiuie. Infra-red spctira, 
on ilie ntiuT hand lias been foiiiul to he more reliable and at ]>re- 
'cnc extensive use is made of inlia-red absorption in identification 
•nil] (letirmination of structure of organic compounds. 

(r) liifra>rcd Absorption — No single tool !ins liad a tnore 
<lraniaiic itnpaci on liie modus ojKrundi of orgatiic chemists liiau 
ih( iiisfi oiueiits lor iiilia-rc(l nu asurements recemlv commereiallv 
<li \(-l<i|ie.| It) a scitt. i,[ peDcctiou suitable for rontitie laboratorv 
Use. I tuloiihic-dly this is due tt) the simple- and tuiambiguous 
iiiu rpic'iaiion of i l< ,il)>>or[uiou data correlating them witli the 
I’lc'-i iue of fuiK tiiiii.il gvmips in ;in organic molecule, so much so. 
fb It I iJ. .alistirpiion iiirces are «»lten caMed tile ’'finger pritits” of 
‘'1:.. ! :c inoleculc-s. aiitl .nc cxiensicelv used for identificatioti of 
,.;:ric' molecule' ;i' a routine- laltoratorv procedure. 

.\!)soipii(Ui in ilu infra-t'c-d is linkt-d i\ith rotation and ^ibra- 
I *n of atoms or gnutps o! atnms in .i molecule and. unlike absc^rp- 
I'oti in the \isible tuid nltia-\ iolet. dues not iiuolve anv electronic 
'.litaiion. L’onsc <juentl\-. ilic- inira ud absorption iscerv ibarac- 
I'ltsiic ol the stiiiiim-e of a molecule. In fact, it is pc^ssible to 
• Mirelaie inlr.a red absorption in a certain region with certain 
' heulial group' : for exatnplc. the C () group bas -in absorption 
I I .tk ,ii about I'Tti « (micron) i!u- OH emiip near and so 

on. ;iiit! ilu-'c- absorptitu peak- are onlv slightlv sinftecl bv tht 
|||(■.e^ce tit otiu-r groups in ilu- molecule. Hence, liie presence of 
((■it;iin grtmps in a coinplit ati-d organic molecule- can be iclcmtificd 
witli a fair degree oi cerrainiv hv a studv ol its infra-red absorp- 
tion spectrum (caMc-d l.K. atisorpiionl. l.K. ab.sorjuion of organic 
compoiiiuls can he measiiied cither in the dissolved state or in 
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suspension. The method is so dependable for identification 
purposes that it has nowadays become a routine method in s)n- 
ihetic organic chemistry, specially, to prove the presence or absence 
of functional groups in an unknown molecule. 

x-ray analysis is also nowadays used for dcierminauon ot 
structure of organic molecules. It is possible 'vuli the help ot 

X-ray crystal analysis to make electron density "‘1.^ 

of suitabL oreanic molecules. Two recent factb of great iiuerc.t 

arc that in the case of penicillin and Vitamin 15 . 
were made before the complete structure was established h\ th 
Zank chemists. In fact! these X-ray -naps estabhshec de u- 
sivdythe chemical structures of these complicated 
so tLt organic chemists could attempt their synthesis on a 

Jcnowlcdgc of their structure. 

ELECTRICAL PROPERTY 

Dipole Moment— When a substance is ])latcd in an elccinc 
field sfy, between die plates of a chargc.l condenser, the inolc- 
* ule; experience a kiiSd of electrical stress wh.cli tends o 
separate ^be positive charge from the negative charge msidt 
thc molecule. In other words though normally the cciurc o 
positive charge in the molecule might coincide with the cuitrc 
of negative cLrgc in the molecule, under this clccincal field the 
molecule would show a separation of charge. 

Whenever two equivalent amounts of positive and negative 
electricity are separated bv a distance they arc said to form a 
dipole ami according to standard derivation m clectiostatics 
such a dipole has a dipole moment, cl where c is the value of cacli 
of the charges which arc separated by a distance, /. Hence, th. 
applied clcc^tric field has polarised the molecule uhich has no a 

a definite induced dipole moment. 

Oririn of Dipole Moment— So far wc ha^e regarded that 
.he nXilc ncZally has no dipole inonlcn. ''1- ' jauev 
induced in the molecule only under the influence o he c ka 

molecule to have a permanent 'P® . j- j j l^hid of 

■called the dipole moment, ^ of the molccu c^ -pijerc are 

Dipole Moment and . “ ^vldch 

-various methods of determining dipole moments 
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will not be given here. The following table contains data or 
dipole moments for a few’ compounds. Compounds which have 
zero or almost zero dipole moments are called nonpolar com- 


Dipole Moments 


Inorganic Compounsif 

H,, N,. Cl,. Br., 

CO„ CS., SnCK 

HCl 

HBr 

HI 

H,0 


103D 

0-78 

0- 38 

1- 84 


Organic Comjiound* 
l?lothane, ethane, 
hlliylcnc, acetylene 
Carbon tetrachloride 
nonzone, naptlialono 
Methyl chloride 
Motlivl broiuide 


l-86n 

1-78 


H.S 

CO 

XH, 

SO, 

PH, 

11,0, 


alcohols 

ethers 

ketones 

chlorobenzene 

nilroberizeiie 

bonzoiiit rile 


MOD 

0-10 

1- 46 

re 

056 

2 - 1 


17 D 

1- 15 

2- 7 
1-73 
4-23 
4-57 


pounds, whereas compounds with appreciable dipole moments 
are called polar compounds. 

It will be observed that compounds like carbon disulfide 
or carbon dioxide or carbon tetrachloride which wc know from 
/7^ con.siderations about the symmetry of the 
molecule or the electronegativity of the consti- 
V cT)— tuent atoms to he non-polar, have zero dipole 

moments. It should also be noted that the 

a dipole moment of water is not zero, which 

dtows that the three atoms arc not in one 
V litie. In fad. it has been shown by other 

g, mctluKls that the three atoms in a 

I'ic. 36— riif. .sliM'.. arranged on the corners of 

' O .iihi i'l ti ‘‘ triangle, the OH bond.s forming with each 
tiioicciil.- other an angle of about 110'. Similar remarks 

appiv to H,S. Also. NH, molecule has 
a high dipole moment showing that it is not a triangular structure 
(Mth ilu- nitrogen ar the centre in one plane hut acruallv it has 
almoM a retrahedron-like .strucrure. nitrogen being at the centre, 
the hvdrogcn atom', occupying tlirce corners and the fourth* 
corner being vacant. 

nifinentj arc eivci: in Dclnc units (1)) wlucli 

-10- elect, o.tnt .0 unit. ’I'hi. i.. right order of magnitude because 

■ he electronic charge i. m iho order IQ-- olectrosL.tie unit and the 

.nter-atonuo d.stonres are of tl.e order of 10- . m : therefore, the .noment 

aIu«!i is their product will »,c of the order of .n K-bve unit. 

THERM. \r. PROPERTIES 

Heat of Vaporization and Trouton’s Rule- Trouton pointed 
out UI, interesting relationship between heat of vaporization 


i-'liz. 36— 'I’Uf* ShS}o 

' anti l\ n 

rnoirv'iilf 


SOME PHYSICAL PROPERTIES OF M.ATTER 


80 ' 


and boiling point. This relationship is generally known a 
Trouion’s rule and is expressed as 


= 

Tfc 

where Tfr is the boiling point of the liquid in the absolute scale 
■ ncl L the molar hett of vaporization. In other ^sords. d c 
n Ir heat of vaporization of a liquid is directly proportional to 
its point. We shall see later m the chapter on 

thermodynamics tUi heat absorbed rcversiblv 

. ^ tr. frilled cntrotn\ and so the thcnnouNnanin- 

fnterpretation of Tronton’s rule ts that Ihc r.,/ri.py of t-cofxmuion 

of all liquids is nearly the same. 

This relationship holds fairly well with >;.nassociated liquuls 
hiir does not hold good with associated liquids like uatcr. 

1 u ic .r d. etc as will be seen from the folloNMng tablv. 
This "’rule can be" deduced thci modynamicallv from C-lauMus* 
Clapeyron equation with some assumptions. 


Trouton’f Rule for Liquids 


! 


Liquids 


Heliiiiii 

Hydrogen 

Oxygen 

Melliuiic 

Hexane 

Carbon Icliachloriile 
Benzene 
Acetone 
Water 

Ktliyl Alcolio! 
Ethylene Glycol 
Acetic Acid 


^tola^ 
Later ( Heal. L. 


22 

216 

1.630 

I. 951 
6.996 
7.140 
7,497 
7,238 
9.700 
9,448 

II. 760 
5,787 


Boiling Point . i j, 


4-2' K 
20 4 
901 
100 
342 

350 
353 
330 
373 

351 
470 
391 


'rioiiton 
Coii'-tiiiU. L 

5'2 
10-6 
180 
180 
200 
20-4 
21'2 
21 9 
260 
26’« 
251 
14-8 




■ 

Boiling Point and Critical ‘ 

it is of inlcrcst to observe that the boiling points ol 
It IS ot mtcrc. j,.,^,p,.rat 


onnei ti>Hi 

, ,-;^-;;;!erL. to observe 

are approxintatdy ‘""p.,, scile. In u.lw. 

temperatures being expressed i („ricspnnduig 

words, all liquids at the boiling p > Ciddbcrt- (I'.'IO) and is 

temperatures. This was hrsA is nnlv 

sometintes referred to j „f n/T,. is hn"->J 

approximately true as the - ot being equal ol 

to lie within the range toUected in the foUnwmg 

0-67 ( = 2/3). Some typical values aic cone 

table. 
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Boiling Point and Critical Temperature {Guldberg Rule) 


1 Siihstance 

j livi/inij Point, 

1 "A* 

t 

J Critical 

Temp. 


H ydroffcn 

Oxvccn 

so; 

HjO 

livnzonc 

Octane 

Decanc 

Ktlier 

McHiyl alcohol 

Oii\l alcolid! 

1 1 

20-4 ; 

90 

263 

373 

355 ' 

398-6 ; 

446 

308 

.539 

468-5 

33-2 

154-3 

450-2 

647-3 

561 ; 

569-2 ! 

605 

467 

513 

658-5 : 

$ 

! 0-614 

: 0-583 

0-611 
! 0-576 

0-629 

0-70 

0-74 

0-661 

0-662 

0-712 


KXEIK’ISES 

1. Write shoit ii.4vs c«— (</) colli^tativc propertv asymmetric 

■aiLon atoiii. (,•) Kupp-s Law, ^/) parach^^^^ ‘ ' ** asymmetric 

2. I[i>w IS iriokriiiai wei^-lit tlttermiiKil from surface tension data 

5 Kx, and illn^trite (l.o f..||,,ui,n: :-Xon-polar molecule* polar 
Ol-lo moment and orientate... poiarisatio.;. What ^11;; S 
I'p'di mom. IK and in.luate how this unit is llieorolivally derived. 

^^.•l^.etWm,.^'o *-Mvnsixe properties. Discuss the same 

• m- ! > (o. tolluwtn.i; pi.-peitie.s. viscosity, surface tension. 

I'Ts sjiii'. Milinne. ami tlifnle niomont, 

\\ inf a,M. 1 tve TMopcitii'i; ? 

' ni'. r W'/'it *''"" yon iiavc studied in this 

and tli.ir ii'im.^od values f.n- water 


PART II 


thermodynamics and 

PHYSICOCHEMICAL 

equilibria 


First Lrw of Thcimodyna,nics-Tlicrmochen.istry--Scc;n.d 
Uw of Thermodynamics— SoUitwns ; General 

""'"■’'f VanoIrnr“'’Ld Sed' l^rperdes-Eriuilihria 

7 Homrtpori:^ S^.c.n'LEqnilibria ii: Hc.crogencons 
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CHAPTER VIII 

FIRST LAW OF THERMODYNAMICS 
The Scope of Thermodynamics- 

nature are accompanied by j^^ti-ical heM. radiation, 

itself in various forms e.g. 

Sutics a“litu'"ro"^-" af aUotbeT'f'orms o7Sgv mud m te 
i„,„ heat “^^"d o the rclatton^^^ . 

K'—^n^cs are ba.d 

the behaviour of c " ^ of molccuk-^, 

svsiems which arc an assemblage of a 

and hence, these laws S . ^ uantitics of maitcv which 

experience is limned to P‘ * molecular scale, the deductions 

arc far from being anyt . j ;,nv hypothesis about the 

„£ thermodynamics are ^dependent^ot^^ ^ 

molecular structure o j clement m anv 

=ri=S'=^ 

The Firs. L- J’lnatrorco^ioi of energv, 

thermodynamics is simp y hasic idea is that 

This law has been stated m\a destroyed; the only change 

energy can be neither ere ti-aitsformation from one form to 

" it th. 

=ed — -“ci,:;:" 
:::iri‘;:r=;b ion"" 

was generalised by Helmholtz m 1 _ Law- Suppose wc- 

Mathematical Formulation ^ ^ stnee the heat cnegv 
put some amount of heat m ‘ ^ wholly or parilv as internal 

cannot be lost, it must or prtlv used up by the 

energy in the system, general case when the 

^ystcrii in doing mechanical work. In ^ 
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heat absorbed goes both to increase the internal energy and to 
produce some mechanical external work, wc must have 

Heat ahsorbed=liicrease of internal energy+Work done by 

the system. 


or, Increase of 
internal energy 


[ = 


Heat absorbed — 


( 


I 


IVork done 
by the system. 

If the 5nal and the initial internal energies of the above 
system arc and E, respectively, then the increase in internal 
energy is E, — E, (the symbol ^ always signifies increase 

i.c. final— initial ) ; if the heat absorbed is q and the work done 
by the system is w, then by substituting these values in the fore- 
going equation we get 

= ... ... ... (l)-VII[ 

which is the first law of thermodynamics. 

If the above change as shown in equation (1) is very small 
we can write the above quantities in infinitesimals, i.e. 

dK^dq-d-j.- ... ... {2)-VIII 

If the system is under a prc.ssure P and increases bv a small 
volume dV, the work done is pressure multiplied by volume change 
ix\ P.aF, and therefore the foregoing equation becomes 

d'iL^dq-Wdy ... ... (.3).VIir 

This is the mathematical expression for the first law for 

infinitesimal changes where the work is exclusivelv of the 
prosine •volume ivpe. 

. Example ulcntic,! wnivl, .f.ri,,,,.* n,,. m 

■ il' d and thf mhfr un. n.leH .in dis^- >h;;t i„ m id. Wi/i thfre h. a 
iftthTincf in the h^ot liberated \n tht in-n 

The coiled spring contains rn.m- ciut-v and since the final ...nditions 
arc (ho s.ntnc. more heat will be libuatc.l in th.' foniuM- case This also 
follovv.s from cqn.ation (1) hcraasc* (lu- onlv difference between the two 

IS lii.-'t E, m the former c.n>.e i- bi.J.er and Ihcreforo ./ is lower 
inl fnro — the heat i»volv<>.|. is hitilirr. 

.V.A*,— It is to be carefully noted (hat we have u-ed the convtiUion of 
- vpicssin:: 7 as heat ahfotbrd and »• as work done )n, tl,r svstem and so in 
'•or- convention -q is tho heat cr-, .md - ,y is the work done ’the 
'V ivm. ^ 


Example Z~Onc. qmni wotfr nt Wire r.-yiiin-.- .:.W r„/on-. hea- 
■■•r r.mv,r.oou tnto .-aram nt (\dr,dal. lb, int^nud 

p.r mnf. of uatrr n.^.^umuu, nnft r Inb-ha'c an ideal qoK 

7 = 536x18 ral 'inol = 9648 
— =T»T'=2x»373 746 < aloiio.s 

^E = 7-ir=:964a-746 - L9fi2 .al ,„ui. 

Mathematical Implication of the First Law Equation— 

llu- rnaihcniatical sigmficaiUf of tlii:; simple equation (1) is much 
<lce|-er than is apparent. This eiiuaiion means ihnr if a system 
-hallos from a ccriatn initial state to a certain final statc.- 
uliich It can do m .an infitute number of uavs.-the increase in 
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Kik- 37 — Inlcrniil mkt^v 
as a function of state. 


internal energy is always the same by whatever way the change 
is brought about, although the heat absorbed or the 
the sysim might vary with the path by which the change is 
effect^. The quantity E, the internal energy, is thus a eharae- 
teristic- of the state of the system and is not dependent on the 
way in which that state has been reached. This is ^ eT 

callv in Fie. 37, where is the same and is equal to Eb L.\. 
whe^ther the change* takes place by path (1) or by path (-) or b 

any other path. 

The above fact is expressed 
in mathematical parlance by 
saying that E is a stdte func- 
tion," i.e. its value depends 
solely on the state of the 
system and not the lea^t on 
its previous history. So, E can 
be differentiated and tfE can 
be integrated by standard 
matliemaiical techniques. 

It may be pointed out that 
not all properties are state func- 
tions and so they do not admit 
of general differentiation and 

integration. For example, q , i i 

and w in equation (1) are not functions of the state but depends 

on how that state has been arrived at. So q cannot be differen- 
tiated and dq cannot be integrated except under special coiuli- 
tions. This is often expressed by saying that dq is not a perleu 
differential and some fastidious writers even object to writing dq 
and dw in equation (2). Howexer. we shall continue to use then, 
keeping in mind that they arc not perfect differentials. 

(a) Cyclic process— From what has been said it follows that 
if a system passes from A to li by two or more different path>. 
AE=EC'Ea, is the same for all the paths. Hence, if it gots 

path (1) and comes back via path (2), it completes a cycU 
and ‘the overall change of E .-.e. AE for the whole cycle is zero. 
Applying this on equation (1). we immediately see that 

‘q (for the whole cvcle)=u' (for the whole cycle) (-DA 'H 

Hence, we arrive at the very important 
complete cycle of operations ihe algebraic sum of all n I c. 
terms is equal to the alfrebrak sum of all the work term. [1 o. 
an illustrative example vide Exercise (10)|. 

(M Changes at constant volume-lf there is no vn ... nr 

'!h^Teaflbsorb^f of 

involved. 
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(c) Adiabatic changes— An adiabatic change is one in which 
the system is allowed neither to gain heat from, nor to give out 
heat to the surroundings at any stage of the change. Such a 
change could not be realised in practice since there is no perfect 
insulator of hear to make a heat-tight vessel for such experiments. 
However, many actual processes arc close approach to this type of 
licliaviour: for example, when sound passes through air, the 
comprc.ssions and rarefactions occur so rapidly that for all 
praciical purposes these may be regarded as adiabatic processes. 

Despite all this, much use is made of adiabatic processes in 
thermodynamic reasonings. 

Since heat is not allowed to enter or leave the system in an 
adiabatic process, we have c/=0 and therefore. 


-AE-te (for an adiabatic process) ... (5). VIII 

I.e. w,t/rr adiabatic conditions, the decrease in internal cners\ 
rs equal to the ivork done by the system. 

The Heat Content or Enthalpy of a System —It is often con- 
wnient. particularlv to deal with systems at constant pressure 
to use a function H. called the heat content or enthalpy in place 
of the internal energy E. the two being related bv the' equation. 

H-E^PV ... (6)-VIII 

Since E is a characteristic of the system according to the 
It inimcdiaiely follows from the above definition of H 
'h-H JI IS also a similar function whose value depends onlv on 
n< initial and the final condition.^ of the svsiem. If the 'final 
hrat <nmenr is U. and the initial value is H. then we have 

(E,-E.)+(P„V,-P.V,) (7,.vin 

= AE+ A(PV) 

P the inoMire is constant, this reduces to 

ah AK-i-P(\'.-V,j^ Al'-ft.'=(y, ... (S)-VIII 

I Ih r. fere. AH iiKrtnsc in H is numl to tin- ln:,t absorbed 
• Isrcssarc. r,, nnd this ^plains the name, heat 

■nn.eni tor the function, H. However, if the prcs.snrc on the 
■vncn, ts not constant, AH is not equal to the heat ahsorhetl 
UK I IS to be cakulntccl from equation (7). 

I -uic HI is-l { allowed a ga.s to expand frcclv into a vacuum and 
.hscru-d that the system as a whole neither gained nor lost heat 
Ih rook luo metallic flasks connected hv a stopcock one of which 

!l-’h^'X n 7l rr"' n- cvacnnicd. 

tomcKk' Uur /h'ng under water and opened the 

tniHock. Alter the gas had expanded to fill completely both 
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the flasks at equal pressure he measured the temperature of the 
water. He failed to observe any noticeable temperature change ot 



I'ifl. 33 — .Toiilo’b Experiminl. • 

the water from which he concluded that the inicrnal energy of 
gas is independent of the volume at constant temperature. 

This conclusion is easily arrived at by applying the first law , 
to the above experiment. In the equation. = we 

observe in the present case that </ is zero since no heat is cvoKcd... 
or absorbed from the surroundings as noietl by the thermometer.-, 
and w also is zero since no mechanical work has been done as thc» 
gas has expanded against zero pressure. Hence. 9- “ ' le 

gas was allowed to expand only by a small volume. <IV in the 
above experiment, we could immediately write the residt as 

= 0 ... ■ (9)-vm 


■9E" 

dV J T 


i.e. Ihc internal energy of a perfect gas is 

volume For actual gases there is. however, a shgh mcrca.c o 
decrease of temperature, but for a perfect gas which has no mur- 
molecular attraction, the above is strictlv ^alul. 

Joule-Thomson Experiment-In the foregoing 
of Joule. E. the internal energy was cyjiistant. 
not the case if the gas expands against '"i. A 

was done in the porous plug experiment of 
gas at a pressure P was forced through a porous ^ ” 'J 

msiilated tube against a prcs.sure P. which /’I’Monsly lo cr 
than P This process was conducted slowly so that tin , 

maintained steady on both sides at P and resp ti^^ > 
and the temperature difference between the two sides 

7 
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iru.asiirLil. It ua-^ t)hscr\ccl that most gases cooiecl down by such 



I il;. c 9— Joiili Thun .-iin l’<.|uus E\|'evin.tiil 


a pri'Mire <lriij). wliereas hvdrogin at ordinarv temperature 
.1 1'.n i lip. 

l-Xplanation of Joulc-Thomson Effecl riu- Jtuile Thomson 
tonUiu niav he regarde 1 ns due the fact tlint real gases are not 

I i;rkti fi'om two a^peets. -j:z. tluir lailure to siriellv conform to 
i ivIi 'n law arid loii!i'> Ian. I'ivsilv. lhiv!c\ hn\ being nut strkllv 
wild I'A’ i> not I'tpial to l’,\'. \\hiili imans that i.ie work (lone 
ca’ the '.:a> in pu-hing it llirfingh i!u' plug, k not equal to the work 
del. h’.' [he gas wldle i'^iu'ig oiji »in ;;u- other 'ule. Tliis extra 
u •: k !' ol'taiinhh- o:dv at tlu- ( \pi risi of the internal energy of the 
grt. .1 d > ' till- gas too!-, Se.. •; llv, the gas inav not sati'iv |oidc’s 
< ;V i -1 n[ a jifilV t g.a' ton o ■. Tlure inav he intermoleiular 

L !m- to I'f ']■■< It ihiiing iiurta'-e of volume to 


a'.’ 

ov 

I 

d 




, ;.d 


1 ' - ,o r fiiiii I In'- ( \:ra uoik has to he 

.m: ilic inurnal itui .:" ol me gas, as a result of which 

- .••1 |. de-’I'houist • ( Npanshui 
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The significance of ft might be taken as the drop in tempera- 
ture in degrees experienced by a gas in free expansion by a 
pressure drop of one atmosphere under adiabatic condiiions. Ihc 
experimental values of // lor a icw gases are shown in the follow- 
ing table. The value of can be easily shown to be zero for 
a perfect gas, i.e. a gas whose equation of state is PV = RT. For 
a gas obeying van dcr Waals equation, the Joule-Thomson 
coerticient, /< is given by the expression, 


;/ = zl ~h (for a van dcr U'aals "(is) 

' R1 ^ 

in agreement with the fact that the higher the intermolecular 
attraction the more is the Joule-TIiomson cooling. As pointed 
out in Chapter V, Joule-Thomson effect is of great technical 
importance in the liquefaction of gases. 


1 

(iiis 

Temp. 

1 

1 

GiiS 

Tonii). 1 


Hydrogen 

Oxygen 

Air 

O^C 

1 1 

>> 1 

-003 

0-31 

0-27 

Carbon dioxide 

y 9 

f 9 

1 ' 

: o'c 

1 40^(' 

1 100“C 

1 

1 

r55 

0’96 

U-62 


It should be noted that hydrogen has a negative n showing 
that it warms up on expansion. This circumstance was responsible 
for causing many accidents owing to self-ignition of highly com- 
pressed hydrogen leaking through damaged pipelines. It should 
also be noted from the data on carbon dioxide that generally the 
lower the temperature, the more is the cooUng effect on expansion. 

Heat Capacity— When any substance is heated, the amqum 
of heat necessary to raise its temperature by 1*C is different if it 
is heated at constant volume from what is needed if the heating 
is done at constant pressure. Suppose we heat a mol of a suhstan.e 
at constant volume through a temperature c/T. The amount of 
heat (dq) ncccssarv is CrcTF where CA is the heat capacity at 
constant volume. Since the substance docs no external work the 
whole amount of heat goes to increase the internal energy. 
Hence, we should have _ 

(ll)-VIlI 


dE = CcdT or, Cv = 




If, however, the substance is heated at constant pre^stire. P. 
the work done is Pc/V. and the heat absorbed (c/c/l is C,.(rV 
where Cp is the heat capacity at constant pressure, 'riicsc v.i!i;es 
substituted in the first law equation (3) gives 

di^=c,.(rr-\\dv 

+ p.cA^ 
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... (12)- vm 


These two equations (11) and (1*2) arc the thermodynamic 
definitions of Co and Cp. 

The Difference, (Cp-Cr> — From the above expressions for Cp 
and Cf their difference can be easily obtained in terms of other 
measurable quantities. The method employs a well-known pro- 
cedure in partial differentiation which is very often used in 
thermodynamics. From equations (11) and (12) we have 



\zT/p \'orJy 


(13)-VIII 


Hut from definition (cqn. 0), H = E-i-PV. which on differentiation 
with respect to temperature at constant pressure gives 




Tills substitution in the previous equation gives 


& r ) p 


-- p 


\2rjp \dTjv 


(14)-VIII 


XtiA ilu- (jiiesticm is to find a relationship between the first and 
the last teriii. Since, the mertjv I', is a function of onlv two varia- 
i;les. sa\ . xoluiue. \' and temperatiMe T. anv increment of E can 
l:e expre'M'.l :e- (hit to the latter luo factors separatelv as in the 
loli'iwin j l•^pKltiu^. 



rile sigriilit .tin I of this etpiation i> that if a .si:b>iaiKe iindcr- 
’oi' a small iiuieU'e of temperature </T and a small increase of 
\ 'liitiu- ill', tile total increase of internal energv JE may be 
<ii\id(.d into I’.xt) parts, tlie tirsi <>ne as due to the increase in 
u iii| iratinc alone the \olnmc being kept consttmt, and the other 
oil!' as due ii* tile imre;i'«i- of volume alone, the temperature being 
kept (oii'-tani. The snulem should not ha\e anv diflicultv in 
ire.iting the parti. il diiivatiws if lie remembers that thev arc 
like- algeluaic eonstanis. a. h. etc. atid lia\e definite vnhies under 
definite (oiulilions. 


nividing l)v (iT tiiroughoui and imposing tlie resiritiion of 
coiisiamv of pressure, wc get 
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Substituting this value in equation (14) we have 


/3r\ r, 1 

"Asrjp l_ pvnvr J 


{15)-VII1 


(16)-VII1 


This equation is a perfectly general one and holds for any 
substance whatsoever. With the help of second law this equation 
can be transformed into the following equation which is very con- 
venient for application to experimental data. 

C,-C„=aWT//i ■■■ ■■■ 

where a is the co-efficient of cubical expansion and /? is the 
compressibility. 

application of first L/VW to ideal gases 

What Constitutes an ‘Ideal’ Gas -We have already laid down 
the conditions of ideality of a gas. They arc: 

(1) An ideal gas should follow the equation PV RT under 
all circumstances (Ch. II) ; and 

(2) The internal energy of an ideal gas is a function of 
temperature alone (Joule’s experiment), i.e. 

PJ1 =0 and r^L =0 

\jv\t 

These two are necessary and sufficient conditions of ideality 
of any fluid. 

C„-Crfor an Ideal Gas -Applying Joule’s criterion of a 
perfect gas. viz. (8E/8V)t= 0. on cqumion (10) we obtain 

But, tor an ideal gas PV = RT, which on dilfercntiation at 
constant pressure gives 


pfsil'l =R C,-C. = R 

I 0tJp 


... (lO)-VIll 


This equation has been already deduced from the kinetic 
theory of gases (Ch. 11). 

Isothermal and Adiabatic ITp/L q 

expands adiabaticallv i-c. <7 = 0 , the hrst law q « to the 

becomes -AE = - the work done 

decrease in internal energy of the gas. ilccrcase in 

an ideal gas depends only on the temperature, the ticcrcas 
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internal energy will cause the gas to fall in temperature. There- 
fore, we conclu.'le that the gas 
will be cooled bv an adiabatic 
expansion. We also see that 
tliis cooling effect will cause the 
final volume to be lower than 
what it woulJ have occupied if 
the expansion was conducted 
isothermallv. In other words, 
if the pressure and volume are 
plottc.l on a P-V diagram, the 
adiabatic curcc should be steeper 
than the isothermal one as 
shown in the diagram. The 
actual relationship among P, V 
and T in an adiabatic expansion can be obtained thermo- 
dynamically. 

Suppose we have one mo! of an idea! gas which expands 
ndiabatically [i.c. q = 0) by a very small increase of volume. dV. 
Since tlic volume increase is infinitcsimallv small the work dene 
by the gas is IVA^ and hence from cqn. (o) d^T-.-V.dV .. (2) 



Kig. 4D — Ksdlliormat aiul Adinhatic 
expansion of a perfect pas. 


on 


Also, .since the internal cncrijv of an ideal ijas decs not depend 
ihc volume, the cfiuation {\\i Cr ^{d3/i>Tx icduccs to 


(lE^CcdT 


Siibstituring this value of dE in equation (20), and P=:RT!V 
whkh is always applicable to an ideal gas wc have 


CrdT^ -P.dV=- 


RT 


rfr 


(21)-VIII 


or 


r,dT 

R r 


dV 


('rndilcring C, a cnnstnnt independent of temperature and 
inte''r;uin ' within limits wc have 


c. r- dr __ {•= dV 

3. T - j, Y 


r 


or ,Y>^YJT,)^-ln(VJV,) 


.\ou. R;Cr -{C-V-r. Cr - V- 1 

hi{TJT,)^ - hnV.'VX'-'^ 

^ T\ 

• • • . • • 

r. 

If uc want tin* lo rclnt Dn bciwccn P and I' wc can do this 
by eiiiiiinniing dT iictweeii equation (21) and PI’ = PT as shown 


- C^:) 


(22)-\^III 
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below. The latter equation on differentiation gives 

PdV+VdP=RdT 

also —Pdl =Ci,dT 

Eliminating dT we have, PdV+VdP = R{-P.dVlC,) 

PdV{l + RlC^)=-VdP 

which on simplification with the help of the already established 
relation, Cp-Cv=R and subsequent integration gives, 

dV dP 

y y =- >" 

py^ =constant ■■ ■■■ (-3)-Vin 

where y is the ratio C,/C. - This is the desired relation. 

By an essentially similar process we can 
obtain^ the pressure-temperature relationship in an adiabatic 
process. The three equations under adiabatic conditions for 

perfect gas are— 

« (rr=r (S) ' = 7 } 

^ * ^ ... ... (24)-\Tll 

These equations can be more conveniently expressed in iheir 
logarithmic \rms. For example equation (m) after taking 
logarithm of both sides becomes 

'Cjllog (Pw/P,)==log (T,/T,) 

y 

which is very suitable for purpose of calculation. 

Example 3 -Colruhte th. inrrroH of trmperature ./ hcUum at 0 G 
ti wi/ipreScd uiliahaticalhj to hfd) lU vohimt. 

Now, y = ViA, V./V, = 2, which .uhst.tulcd ... cquat.on (22) g.^e* 

(2i0-66 = t,/ 273 or T, = 273 x (2)5 =433-7"K -160-7*C. 

Note the large rise of temperature. 

EXERCISES 

A®- A«' 1 cals, 1440 cals. 1440 cals, -401xl0‘ eras.) 

2. Calculate the same ouanlilics ,7^".! "S 

rtcam at IWC, given that f “"' 1 ,,, ' (h.c l l,c I -517 

volume of water can bo ucKh.^'d cals, Z0537xl0‘ crg» ] 

“’T'calcnlato Ibo rise In Icunccalurc a ,, 1.0 o, ^,,5^ 

When dropped from the top of Qutab M...ar (hc.^ht 273 ft.) 

no heat is lost. . . effect 

4. When coal gas burns .n ^a Runsc. horuor, . 

observed c<i..al to or "A*'"’ 
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^ -°y balloon is warmed it increases in size. Formulate 
IJie lirst law equation for the process and indicate how the aH for the 
process is connected with the heat- supplied to the system. 

6. Calculate and if 10 litres of helium at X.T.P. are 

heated inside '■» gas cylinder to 100®C assuming it to behave ideally and 
having ^153.8; ^2SZ-1] 

7. If a liquid or a gas is compressed from one to 20 atmospheres, 
>YhicU ono will be closer to an adiabatic process, a slow compression or 

Discuss fuu"/' quantity or a small quantity. 


j' ideal gas at Cf is compro.esed reversiblv and 

adiabalually from 1 atm. to 2 atm. What is the final temperature if 
Cr=3cal/(. ^87-11 

9. Ten niols of nitrogen at 0°C under 20 atm. is suddcnlv released of its 
pressure to 3 atm. and the gas expands r-diabatically. If C,, for nitrogen 

js 7 calories per deg., and the gas behaves ideally, calculate the final 
temperature. Calculate also and for the process 

, (168-9“K. _5705; -7987 cal.] 

oc»/« A rnol of monatomic ideal i;as is heated at con?^tant volume from 
Jo t and 1 ntm. to 500^0. The is now isothormallv and reversibly 
expanded to its original pressure of one atm. The ga.s is now cooled at 
constant pievsure to 1(5 original tcmporatiiie of 25"C. tlms completing a 
c)cle, (.Haphually describe this <*vclio process on a P-V di«igram as 
a so on .V f — \ diagram. Ciilculato y and w for ra<*h step and for the 
whole cycle. 17.4-1425 « ds. 7, -1474 cal. 7, = -3325 cals. 

I ic,=0. m\ = 6162x 10' ‘-'‘■'.ts ; iCj = 394x10* erg.] 
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CHAPTER IX 


THERMOCHEMISTRY 


General — It is a common experience that chemical reactions, 
in general, are attended witli either evolution or absorption of 
heat. In some reactions, e.g. the burning of magnesium ribbon 
or the combination of chlorine with hydrogen, iron. etc. ilie 
associated thermal change is too large to he overlooked. 

The basic theoretical guide to a study of the heat changes of 
chemical reactions is, of course, the first law of thermodvnamics 
but, the subject was under vigorous study long before the first law 
was established as an irrevocable truth, and so. many principles 
had to be discovered by the earlier workers which we know to be 
inherent in the first law itself. 


Heat of Reaction : Exothermic and Endothermic Changes — 

— Rcfictions which take place with liberation of heat are called 
exothermic reactions, whereas reactions which take place with 
absorption of heat are endothermic. If anv reaction is endo- 
thermic it follows that the reverse reaction is cxoihertnic and it is 
usually found— though not always— that exothermic reactions 
proceed spontaneously and vigorously. 

The amount of heat which is evolved wl’.cn a reaction taka 
place at constant volume indicated by and between the amounts of 
substances shown in the cqipalion is called its heat of reaction. 
Thus, the expression— the heat of reaction in the formation of 
hydrochloric acid according to the equation. 4 - Ci^=2HCl is 
4;d,0(J0 calories— means that when 2 gms of hvdrogeii combine 
with 71 gtns of chlorine to form 7‘J gms of HCl. the amount c)f 
heat liberated is 43.0(X) calorics. 

Measurement of Heat of Reaction — Heats of reactions arc 
directly measurable only for reactions which are quite fast and run 
to completion along a well-defined course, and these arc usually 
dcterimncd by calorimetric experiments. Tlie reacting substances 
are allowed to combine in a calorimeter, if ihcv arc liquids or 
solids, or in a closed bomb if anv of them is gaseous and die whole 
is kept immersed in a large vessel full of water. Noting the 
temperature increase of the water after the reaction is complete and 
knowing the heat capacities of the different parts of the apparatus, 
the heat of reaction is easily calculated. 

Notations and Conventions — It is customary to follow the 
convention of adding with a positive s/g/i in the side of die 
prcKlucts. the amount of heat which is evolved in a cheiinc.i 
reaction. Thus, in the general equation, 

A -t- B = C -f I) + C' 

Q is called the heat of reaction. It should be carefully noted 
that Q has a positive value where heat is evohed and a negatue 
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value when heat is absorbed. This is just ilie opposite of the 
convention followed in the previous chapter. 

Since the licat of re.iction evidently depends on the state of 
ag^reijaiion, this is indicated in the energy equation by using ^ 
for (he ga.seous state, / for liquids and s for solids, whenever there is 
any chance of confusion. Also, for elements exhibiting allotropy, 
the alloiropic form is to be indicated. 

C {>jrap/iile) + 0, Uj) = CO, (.j) + 94.300 cal. ,,, (i) 

i b, (y) + i K (y) = HI (y)-6.100 cal. ... (2) 

Tlius, c(|iiati()n (1) signifies that if a gram atom of carbon in the 
form of graphite Is oxidised complctelv with gaseous oxygen to 
form gaseous carbon dioxide at constant volume, 04.300 'calories 
are evolved. Similarly equation (2) shows that 6,100 calorics 
aie absorbed to form a mol of HI gas from H, and I., in the 
gaseous state. For very precise work it is also necessary to 
specify the temperature but it is generallv not done in energy 
equations and the data arc usually at 2o*C. If the substance 
used be in dilute solution, usuallv the sulfix oq. is added to the 
synih(d. Some authors use the symbol Cal or Kcal, or Kg.-cal 
for 1000 gm. -calorics of heat. 

Modern Nomenclature —In modern scientific literature 
thermochemistry is regarded as a part of thcrmodvnamics and so 
the consistent system of thcrmodvnnmic notation is used in 
tlu rnioc hcmical eejuations. W'lien one mol of hvdrogcii and half 
a mol i>f oxygen react at 'lb°C and 1 atmosphere, 08,400 calories 
of beat arc: evohed as shown hv 

H, + iO, = ILO -i- 63.400 col. 

I>ut suppose wi- look frotn the point of view of what change 
the sv'tem lias undergone. Tlte system in going from the Iclt- 
li.tiid si [(• to the righi-han 1 j-ide has lost its heat content by 
) calories. Since the cle: rcase in heat content at constant 
pre—ii e. which is generallv ex|):essed in thcrmodvnamics as a 
or n in tile heat cometii function (H). has been demonstrated 
!,/</(• C'li. VIII. p. '.Kii to ie ecpial to tltc negative of the heat 
oi reaction at constant pressure, wc can immccliatclv write that 
the decrease in heat content.- ^H - 08. lf)0 calorics in this case; 
oi. as usuallv expressed 

+ At.dy) - IhO{/); --68,403 r.i^. 

In otlicT words, ue first write the equation for the reaction 
and sliow the value of .^11 separately as the negative of the heat 
of I! .action at constant j)rcssnrc. 

TIr- Mihsaii.t (L-ilS in this <1, notes the tempo, anirc 

m K, -Sometimes a siipcivtrun zero is used, for examnlc aH® 
whi<h Minpiv indicates that the reactants and piochuts arc under 
standard conditions, t.e. conveniionallv in their stablest form at 
2.. (. Old un.Ier one atmosphere pressure. Of course, the equations 
tims written along with tl,c /\Vl values admit of algebraic 
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procedures like addition, subtraction, elimination, etc. m the same 
way as our usual thermochcmical equations. 

Note carefully that AH has a sign opposite to licat o 
reaction O i.e. exothermic reactions have negative AH anJ 
endothermic reactions have positive A^ values; ^ 

to constant pressure conditions whereas O is usually at con.t.n 

volume. f 

Hess’s Law of Constant Heat Summation -As J of 

experimental researches exiendins over a number of - 

showed that the amount of heat evolved or absorbed m o ehun cal 
chaiv'c is independent of the rate of reaction or of the nature 
S tfte internfediate compounds, provided tire reactants n 
resultants arc the same. This is expressed by Hess s Cmt- " * 

stated in 1840. as follow s :-// o ^ 

in a siivrlc step or altcnuiUvely, m a number of ml, rnicdu lc sU^s 

the total amoLt of heat evolved is the same provided the imtud 

and the final stages are the same in all cases. 

Thus, taking a simple case, if we could burn carbon first inio 

carbon monoxide, and then burn this carhon monoxide to carbon 

dioxide, the sum of the heats evolved in these two processes 

would together be equal to the heat of combustion of carbon 

directly to carbon dioxide. 

A simple example to demonstrate the truth of this law is t<) 
calculate the heat of reaction when gaseous ammonia and 
hydrochloric acid arc converted into a dilute aqueous solution ot 
ammonium chloride. This can be done in two ways as sliown 

below. 

First process— \Vc can mix ammonia gas and HCl gas 
to form solid ammonium chloride and dissolve it in water to 
get the aqueous solution of ammonium chloride and note the 
heat cliangc in each of the steps. 

NH,(j/)+HCl(j/) = NH,n(/.)+42.lOO cats. 

= -3,S00 cols. 

Somminrj up. M) + nC\{(,)+or,. S'\ o^j. +ZB.200 cch. 

Second process— Alternatively, ammonia and hydrochori- 
acid gas may be separately dissolved in water and tlio tw-o 
solutions mixed to get an aqueous solution of ammonium thlondc 
and the thermal change in each step may be dciermmcd. 

NH,(y) + O 7 . = NH,fl7.+8,400 cols. 

HCl(j/) + aq. = HCloi/. + 17,300 <als. 

NII,ac/. + HClo^. = NH,Clfl7. + 12,300 raU 
4', vr. NH.(,) + nci(t,l + »./• = NH.fi "■/■ + M.OCO r.J,. 

It will be seen that the net amount of heat evolved in both 
the methods is the same, within the limits of experimental e.io.. 

Hess’s L(tU' is a direct corollary to the lax "/ ‘onserealioii o 
energy, hut it had to he discovered experimentally since at 
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ti^mc the law of conservation of energy had not taken a firm root 
in the mind of chemists as an absolute truth. 

Applications of Hess’s Law— The main contributions of 
Hess s law have been that it allows us to regard thermochemical 
equations just like algebraic equations admitting of addition, 
subtraction, elimination, etc., as a result of which we can calculate 
many heats of reactions which arc not experimen tally measurable 
directly owing to slowness or incompleteness of the reactions. The 
whole chapter is replete with such applications. 

A special case of such applications is in the determination of 
the neat of transition of one allotropic modification to another. 


2,380 cals 


Yellow P 


2.113 cals 


Phosphoric acid 


RED P- 


Yellow P 


>RED P + 273 calories. 


The case of conversion of yellow pliosphorus to red phosphorus 
may be citccl as an example. Though the heat of conversion is 
not directly measurable here, it can still be calculated on the 
b.isi^ of Hess s law, in the following wav:— one gram atom of 
yellow j)hosphorus on oxidation to phosphoric acid vields 238G cals 
of heat. Ked phosphorus on similar treatment yields 2113 cals 
nf heat. I'hcrcfore. according to Hess's law this difference in the 
heats of reaction represents the heat of conversion of yellow to 
red nhospliorus which is therefore equal to 273( = 2380-2113) cals. 
Sitnilarly. the heat of tran.siiion of rhombic to monoclinic sulphur. 

or graphite to diamond can be computed as shown bv a simple 
exercise- below. ' ' 


Example 

v 'in- 


I. The h-nt:! nf r<>iiihii.<tinn nf rhombir S ant! 

anil rnlorii.i (’alrnlotf the heat of 


S (rliiinil.ic) + 0. = SO, + 70.960 ail. 

S (nionnclinic) + 0, = SO, + 71.030 ail. 

Siilirracliri}: one cqiiMinn from auutlier ami liau^posim;. we roI. 

s (rliomlnc) = S (rnoiiocliniv) — 70 fol. 

•So. till- lii-al of Iroiisitinn is —70 ealories. 


Heat of Formation —The heat of formation mav be defined 
as the amount of heat out when a gmm molecule of the 

sul>stance is produced from its component elements in the 
standard stare. Thus in the equation. C 4- O,^CO„4-94..S0acals.. 
it cvill be seen tliat to produce one mf)l of carbon' dioxide from’ 
Its elements, 94.300 cal. are evolved and so the heat of formation 
of carbon dioxide is 04.3i«» cal. Similarly, during the formation 
of one mol of hydriodic acid gas. 5.92(i cal..ries arc absorbed; 
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we may regard this as — 5,926 calorics being given out, and so, 
the heat of formation of the gas is — 5,926 calories. 

Substances formed with absorption of heat are called endo* 
thermic compounds while those formed uith eiolution of heat 
are called exothermic compounds. So, exothermic compounds 
have positive heat of formation and endothermic compounds have 
negative value for it. Almost all common compounds arc exo- 
thermic, i.e. have positive heats of formation with the exception 
of nitric oxide, hydriodic acid, carbon disulphide, ozone, acetylene 
and some unsatiiratcd hydrocarbons, etc. The following table 
gives the heats of formation of a number of compounds. 


HEATS OF FORMATION (18«C. 1 utm., in h'-r,,! moL). 


-0-22 

000 

H..S Uj) 

NO ur, 

5 3 
21-6 

1802 

CS, (f) 

- 22-0 

20-74 

NH, (yl 

11-00 

-11-22 

H.SO (/) 

193-75 

-54-10 

HN’U; (y) 

35'>4 

66-92 

CO (y) 

26 62 

68-37 

CO, (y) 

94-2^ 

64-2 

A-Cl (-■) 

50-30 

22-06 

NaCI 

98-33 

8-66 

ZnSO. {«) 

233 4 

-5-91 

MI. NO, (*) 

88-0 


C (Diamond) 

C (-graphite) 

CJI. 

C,H, 

(/) 

HF (I/) 

HCI (f/) 

llhr iu) 

HI Uj) 

Usefulness of Heat of Formation Data -The heat of formation 
of compounds as such is not of great significaiue. but their main 
utilitv is in the fact that anv heat of reaction can be casilv 
calculated with the help of such data for the reactants and 
products. Thus, instead of tabulating the heats of reactions of all 
possible chemical reactions, which at any event would require an 
unmanageably large space, the same purpose would be served 
from a muciV smaller compilation of heat of formation data. So. 
a «elf-consistant table of heat of formation is a condensed 
summary of all possible licats of reactions involving the com- 
pounds appearing in the table as also all elements. It slunild be 
noted that not only actual reactions but also hypoilumal or 
hitherto unknown reactions can be dealt with wiih the help ot 
such tabic. 

The method of calculation of heat of reaction from heat of 
formation data will be discussed ami ilUistraied in details in a 
later section under intrinsic energy. 

Heat of Formation of Salts -The heat of h.rmaiion 
may itself be regarded as the resultant heat effect of a 
of simpler reactions. For example, we may regard t le orm.i i 
of sodium chloride, starting from smlium and chlorine to 
formed by the following steps ie means an electron). 

(1) Steps (n) Pnd (n')— Conversion of fodimn inin a'ornic 

Bodiurn and eonversion of nasoous clilonna into tlie a oiii c 
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{2) Steps (6) and (6") — Breaking of the sodium atoms obtained in 
step (a) into Na+ ion and an electron, and making a Cl“ ion from the 
cliloriiie atom of step {a') by adding an electron. 

(3) Steps (c) and («/) — Reacting the Na+ ions and CI“ ions obtained in 
the previous step into NaCl vapour (step c) and condensing the NaCl vapour 
into solid NaCl (step d). 

(a) Na (yo.^)-25 Kcal (o') ^ CL {.ja3)—^C\ (ffas)-29 Kcal. 

{0) Na {yo^)_^Na++ c-119 Kcal (b') Cl {ya^) + c—^C[--92 Kcal. 

(c) N'a++ Cl- = XaCI («/oa) -j- 128 Kcal. 

(d) NaCl (j/ns) = NaCl (so/irf) + 52 Kcal. 

Summing up. Na (<Jofid) -f- ^ Cl, (ijoa) =NaCl {solid) + 98 Kcal, 

If wc analyse the heat of formation of AgCl {30 3 kilocalories) 
in the same manner it tvould be observed that the heat effects in 
most of the steps would be of the same order except ilic ionisation 
step (step b) where a much larger quantity of heat would be 
absorbed in tonformitv with the lact that the electron affinity of 
silver is higher than that of sodium as is seen by the fact that 
silver is displaced by sodium in the electrochemical series {i.e., 
silver is nobler). For example, tlic electron affinity of sodium as 
quoted above is 118 Kcal whereas that of silver is 173'7 Kcal. So, 
we may expect that, as a rough approximation, tlic heat of 
formation of salts of the same anion would decrease as the ineia'lic 
ion becomes nobler. This is actually found to be the case and 
is illustrated in the following table. 


HEAT OF FOR.MATION OF SALTS 

(i*/4 Krai jtfT ijtn atom of (h^ negatirt dement) 



Chlorides 

1 /odide4 

1 Oxides 

Chloride aq 

PoUissiiim 

105 

79 

186 

418 

Sodiiiiif 

t 98 

70 

199 

407 


1 m 

: 64 

152 

354 

Alinniuiiim ^ 

' 56 

24 

129 

265 

Zinc j 

49 j 

! 25 

85 

160 

i.ead j 

43 

20 i 

52 

84 

H Viiro^L'n 

41 

-6 

66 

83 

( V)ji|KT (cUi^roiis) 

53 

16 

40 

49 

Silver 

30 1 

IS 

7 

31 

Oiilfl (aiiroiis) f 

10 1 

2 

• 
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Intrinsic or Internal Energy — W’c mav ileHnc the internal 
ciHigy iDUtent as follows: Every substance under ^iven externa! 
ionclilions contains a definite (jiiantit\ of ener'ry assoi-iated u-ith 
it and this amount of encr;^y is called the inu-rnal or intrinsic 
energy of the substance. 

Non. consider the equation, C h 2I-L =. CH, + 18.800 cals. 
Since tlie principle of conservation of energy holds good, wc may 
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reeard that one mol of methane contains 18,800 cals less energy 
till, the total amount of internal energy contained m one mu 
of carbon and two mols of hydrogen. So, a thermochemita 
measurement gives only the d.flereuce of internal 
the original and the tinal system but not tbe abwh.lc . inoi i 
cnereylf any of tbe systems. Unlortunately. me absolute a.i.o.im 
of elc-rgy contained in any system is not known and we bine no 
method^ m compare the total internal energy content of diilcrcnt 
elements, Evidemlv, the latter information is impossib c t. 
obtain, for we cannot convert carbon into oxygen or any clciicin 

into any other. 

But one certain fact comes out from the above equation ; 
whatever may be the values for the intrinsic energies ol eaium 
and hvdroffcn. the intrinsic energy of methane is less than tluir 
^ cner-v by 18.8(K) cals. Wc can iherctore assign 

Tny arbitrary valu °'lor the intrinsic energy of the elements and 

7 intrinsic cncrev of compounds to this value for the 

rcter t e ,s to fix the mtnu.u- 

.V 7o be cciual to zero. The intrinsic energy 

^.fVfcMha^ne then comes out to be equal to - 18.800 cals, mcanin; 

I \ V Tint a mol of methane contains 18,81K) calories less encigy 

dieix-by thata molot mcma convention the 

their heats of formation. 

or. lotrinsic Eoergy = - Heat of Formation I • 

Wnnrf intrinsic energy docs not mean the absolute amount 
of energy contained in;he^suj.stance 

This’corvendoris'cvidcntlv iior np/x'icuWif 

so. diamond has a greater intrinsic s.al let 

rc^iricmiorr^luan’’; «lc“n ,o’ be zero and other modificalions 

rbar .be above ;^ari™ ^bn,y a 

heat of reaction at constant pressure, and so it m^olv 
principle. 

Imnortance of Intrinsic Energy Values or Heats of Forma- 

^ct/ Arrordinir to the law of conservation of cncrg>. if the 

ExiS - - 
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hold good. For example, if in the equation, A + B = C-fD + 0 
cals., we substitute the intrinsic energies {i.e. the negative of the 
heats of formation) of A. B. C and D. we can immediately cal- 
culate Q. die heat of reaction. Some illustrative calculations are 
silown below. 

t/,c hea/ of formalion of carbon lUgulphvU 
•jnot l/iat t/n- heats of combustwn of carbon ilisulphide, sulnhuT and 
earhon arc ^V:j,lW cal., 7l,iiSn cals, and 9.'i..UiO resjifctivclp. 


CS. + 30, = CO, + 2S0, + 265.100 cals. 
S + 0, = SO, -f- 71.030 cals. 

C + 0, = CO, -f- 94,300 cals. 


(i) 

(ii) 

(iii) 


From «|aalior (n) and (iii) H follows that the intrinsic encriiies of 

SO, and (0, a.v-71.080 and-94.300 calories respectivclv ft the 

rntnuMc cu-r^^v of CS, be Ecs,. Substituting tl,e.se values* of in rinsic 
energies in ecjualion (i) we gel— "urinsic 

E.S, + 0= -94,300 + 2x{-71.080 + 265.100 cals. 

.-. Ecs, = 28.640 cals. 

.. Heal of formations —liitrinsie enerevs: --Ecs, = —28,640 cals 
So, it i.s an cndutlicrmie compound. 

ff. /‘C liberated in the hupo- 

thyoal rracta>n ,d ammonium nitrate from air and nal.r, 

un/irf Uijtir in taUt' on I\ Hu. * 

IIk* cH|iiatinn \i\ <|uc^iioi) is 

N. ^ -f 211 O U) - Ml, NO, f.«) + o va!>. 

Now Kn- =0. Ko . 0. Eii.n ,/j. 63.gG0. .an.l Enh.no, (.»)=-G8.0}0 

• ubM. uling . UM- va uv.s. _,ve . 0 -48.800 vab.. the roaOion 

with :iM ;ihs..rpit(,ii ot 43.P0'} tjilorisn. 

Heat of Combu.slion— 7/ is llu- anminit uf hrat nolvcd 
iJirii unc -ram moUxuIf of the suhstumc is compicttly hurnt 
<li‘U II III i>.\\ocii. 'I'luis. till- ec|uatiiin. 

(:,i[ nil . :iO.. - :;C0. ;iH,0 -MiOoii cals. 

J!i! .'iii'i That when mic mnl nl aUnhol hnrm in excess of 
-wgen ;:}ii..-,oo eaK. of heat are ev«>hetl and ilie latter qiiantitv 
allid the heat of cotnhnstion of alcohol. The conihiistion 
a '>ul)>ianu' iiiav take [d.ue either in a closed space (i.c. at 
'noanr \«ihinu'l. or in the open li.c. at constant procure'. The 
e.rnici proic.hire is experimentally eonxeniem but the results 
.lie more iiMi.illv i-xpressed after calculation at constant pressure 
irul are explicitly mentioned to be so. ^ 

1 he lieat of comlul^Iion i'l an iinportaiu c(^^^tant as it is 
a priinarv experimental data direcilv olitaineil from experiment, 
and also l:ecaii>e manv important iieat c]iange>. particularlv in 
organic I liemisirv, are calculable from such data. The heats of 
eomiiiivtion in K-cal nio! of a few rejnesentative organic com- 
pomnU are given in the following table (J VC, 1 atnt! H,0 (7) )• 
Values in K-eal lb. for a few food materials are also inclu’dcd. 
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Methane (CH^) 
Ethane (C,H,) 
Propane (CjHj) 
Butane {C<H,o) 
Ethylene (C.Hj) 
Acetylene (C,Hj) 
Methyl alcohol 
Ethyl alcohol 


212-8 

372-8 

530-6 

687-9 

337-3 

342-0 

173-6 

326-7 


Propyl alcohol 

480-5 

Buiyl •ilcoliol 

638-6 

Glycerol 

397-0 

Cane Sugar 

1349-6 

Cereals, rice etc. 

1650 

Fats and oiU 

3660 

Milk, condcni^ed 

1500 

Fish 

iooo 


Application of Heat of Combustion Data— Tlicse basic 
thcrmcchcmical data find utility in various ways, a few of which 
are listed and discussed below. 

(i) Calorific value of fueU 
(it) Food value of dicta 
(til) Maximum flcnne tcmpcraluie 
(ir) Calculation of heat of formation 
(r) Calculation of heat of reaction. 

(i) & (ii) Calorific Value of Fuels and Food -Fuels, 
coal, petroleum, etc. are to be assessed with respect to tbcir 
calorific values with the help of heat of combustion data, arid 
extensive measurements of the same for various fuels arc made 
as a routine procedure for grading and standardising fuels. 

Heat of combustion data are also useful for the science ot 
food and nutrition. Foods taken arc burnt inside the bixly the 
enerev liberated being used for keeping the body warm anti tor 
producing muscular energy. An average adult requires from 
2000 to 3000 K-cal per day and so from heat of combustion data 
of foods some typical values for which arc included in the table, 
it is possible to calculate the food requirement of the average 
individual, and hence of a nation. Of course, other considera- 
tions besides calorics arc required for securing a balanced whole- 
some diet which however need not concern us here. It mav how- 
ever be of interest to know that the average calorific ' 
consumed in India per person per day is about only 1000 L.al 

whereas in western countries it is about 3000 Cal. 

(iu) Maximum flame temperature -A verv 
application of the heat of combustion data is made m ca - 
culation of the maximum temperature of flames ^ , 
of calculation is very simple, since one has to calcu ate 
known specific heats of the products of combustion t c 

maximum rise in temperature at the cxncnsc <^f ^ , 

bustion of the gas responsible for the flame. ’ 

hydrogen flame, the upper limit of temperature wi ) . 

which an equal volume of water vapour mixed with 
of the air used up in the combustion can be laised \ 
of combustion of hydrogen. . 

Example 4. Calculate rom/hhj the ' 
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We have to calculate to what temperature a mol. of water vapour will 
be raised by tbo heat of combustion. Xow, rise of temperature ^ Heat 
evolved/specific heatxmol. wt. Temp, rise = 57,8O0/9‘3 = 6200“C. 
Of course, the actual temperature is much less owing to radiation loss, 
incomplete combustion and other factors. 

(iv) Heat of reaction from heat of combustion— The prin- 
ciple of this method is that if we know the heats of combustion 
of all the reactants and resultants and substitute these values in 
the thermochemical equation, the equality still holds good just 
as if the intrinsic energies were substituted. That is, in a reaction 
A+B = C-fD+Q calories, 

Heat of reaction, 0=:{fl+ 6)-(c+tf) ... ... (2)*IX 

where a, b, c and d are the heats of combustion of A, B, C and 
D respectively (vide Ex. 5). This is a very convenient relation for 
working out sums. 

E.vample 5. The heaU of comhu$tion of ethane, ethytene and hydrogen 
■are 370,/iii> cal., 333, S30 cah. and 68,i00 rah. reipectively. Calculate the 
heat evolved in the reduction of ethylene to ethane, 

C.H, + H, =s CjH, + Q cals. 

Substituting the heats of combustion of ethylene, ethane and hydrogen, 
in the above equation we get — 

333.350 + 68,400 = 370,440 + Q or, Q = 31,310 calorics. 

In adopting this method, it is advisable to o.xplaiii the principle first 
of flll. Tlio ordinary methods, though more roundabout are of course 
applicable. 

(v) Heat of formation from heat of combustion— Since 
heat of formation is after all a type of heat of reaction its value 
tan be calculated by proper algebraic manipulation of heat of 
combustion etjuaiions. In fact many of the heat of formation 
data have been computed from combustion data. An illustrative 
example is shown below. 

KxAMn.n 6. The heat of comlnulion nf cane sugar is 1.51,3.000 cah, and 
thosr '■/ hi/ilrogrn and carbon arc 0 S.'M and 9.^300 calories respectively, 
tin heat of fuTmalion of vane sugar. 

+ 120.= 12CI), + 1111,0 + 1.243.000 caIs. ... (1) 

<• -h 0, = CO, + 94.300 lal?. ... ... ... (2) 

H_ 4 - = H,0 + 68,560 cals. ... ... ... (3) 

I'lom c<|ii. (2) and (3) it follows tliat the intrinsic cnorgies of CO, and 
j| II flic— 94,500 and— ^.360 cals, re.spcclively. Snbslitutinji these values 
f iiilrinsic energies in eqn. (1) and putting tlie intrinsic energy of sugar 
I <)inl to Esvg.vh, wo have. 

K SLC.Mi + 0^ 12 x{- 94.300) + 11x1-68, 360> -i- 1243.000 cab. 

Or. F,srG.AR= -640,560 calorie.s. But, heat of forrn.ntiou^ -E 

Therefore, llie heat of formation of cane sugar is 640.560 c.als. 

Experimental Determination of Heats of Combustion — The 

apparatus in general use for this purpose is Berihcllot’s Bomb 
Calorimeter, a sketch figure of which is given (Fig. 41). The 
apparatus consists of a strong vessel T fitted with a scre-iC’On lid. 
The vessel is made of steel which is coated inside with some 
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rifj. 41 

ralorimetcr 


non-oxidisable metal such as gold or platinum. Through 
the lid passes two insulated platinum 
wires (p. p.) which are connected by a 
spiral of thin iron wire. Through the lid 
there is a valve through which oxygen 
is pumped in so as to reach a pressure of 
nearaboui 25 atmospheres. The spiral of 
iron wire is placed in contact with a 
weighed quantity of the substance con- 
tained in the platinum capsule, C. The 
whole is immersed in a calorimeter filled 
with water and the combustion is started 
by sending a current through the iron 
wire. The iron wire burns out and the 
molten product falls in the capsule on 
the substance (if liquid, contained in a 
thin sealed glass bulb) and ignites it so that 
it may completclv burn out in the excess 
oxygen. From tlie rise in temperature of 
the water in the calorimeter, the amount of 
heat developed in the bomb is calculated 

in the usual way and ilicrcfrom making , - f 

a proper allowance for the heat developed bv the combustion of 
die iron wire, the heat of combustion of the substance is calculated. 
Of course, all the usual precautions of calorimetry are taken. 

The method is applicable to all substances which Imrn com- 
oletelv in a well defined manner. Halogcnatcd organic com- 
pounds give poor results because the products of oxidation are 
variable, and so they are not amenable to tlus method. 

Empirical Thermochemical Calculations. Bond energy 
It becomes often necessary to know a certain heat of reaction 
which it is not possible to calculate from available heat of 
formation data. In such cases various empirical ^ 

used to compute the necessary value. In the case of organic 
compounds I few empirical rules of a fair degree of 
of hmited applicability are avadable. For 

rule that the heat of combust.on of a l.ydrocarbon can be 

expressed as the sum of 105.b20 cal. for each C for 

ammatic C) and 52,420 cal. for each pa.r o * 

for aromatic) is a fairly accurate one for hydrocarbons hut hkc 

similar other rules is much in error for other compounds. 

A more general approach to the problem has 

by Pauling who has found it possible to attribute " ‘chemi^d 
of a molecule to the sum total of the energy of ^hc chemical 

bonds present in the molecule. For example. 
methane molecule may be considered to reside m 

bonds and that of say ethylene in the C=^C and 

bonds. In any chemical reaction some bonds ar , ij^aic 

new ones arc formed and the heat of reaction is the algcPr.i 
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sum of the bond energies involved. For example, in the reaction 
+ the heat of reaction is simply the sum of six 

C — H bond energies added to one C — C bond energy, minus 
four C— H bond energy, one C=C bond energy and one H-H 
bond energy. The calculated value from bond energy table of 
the above reaction is 29 K-cal, whereas the observed value is 32‘7 
K-cal. Some values of bond energy in K-cal are: — C — C=58'6, 
H-H=103-4. C-H 87-3, C=C = 100. 0-H = ll(>2, C = 0 (alde- 
hydes) =149, C = 0 (ketones) =152, etc. Calculations based on 
bond energy are fairly satisfactory, provided there is no resonance 
in the molecule and in the event of the existence of the latter 
a correcdon for resonance energy has to be made (for discussion 
on resonance, vide Ch. XXVII). 

DEPENDENCE OF HEAT OF REACTION ON 
EXTERNAL CONDITIONS 

(a) Influence of External Pressure — Heat of Reaction at 
Constant Volume (Op) and at Constant Pressure (Qp): If the 
number of gaseous molecules formed by a chemical reaction is 
different from that present originally, the pressure of the system 
would change if it is maintained at a constant volume, or the 
volume of the system would change if the external pressure is 
kept constant throughout. The heat evolved when the system 
is maintained at constant pressure is called the heat of reaction 
at constant pressure (symbolised. Qp) and is different from the 
heat of reaction at constant volume (symbolised, Q*). 

In case (he number oi gaseous molecules increases due to the 
chemical reaction (e.g. N 20 ^ = 2 N 02 ), increase of volume takes 
place if the pressure is maintained constant. The work done 
hv this increment of volume is to be supplied at the cost of the 
energy of the system itself and so, the heat evolved at constant 
pres-'Ure Qp is less than that liberated at constant volume Qc. 

On the other hand when the numlxr of mols decreases due 
to the reaction (e.g. 2H, + Oj — 2 H 2 O), the system contracts in 
volume and so, work is done upon the system which is liberated 
as heat ; therefore. Qp becomes greater than Qr. 

In case there is no change of volume due to the equality in 
the number of gaseous molecules on both sides of the equation 
(e.g. H 2 -i-CU = 2HCI). Qp and Qr have one and the same value. 

If n mols of gas arc produced in the reaction the external 
work done bv the gas is tjRT (since work = pressure x volume = 
I’V— uRT). Therefore, the actual relation embracing both the 
cases becomes, 

Q^ = Qr-(M,-u,)RT=Qr - (3)-IX 

where u., = numbcr of moles of products and ?i, = number of mols 
of reactants and therefore, ^n = n^ — n^~nct increase in the 
number of mols of gaseous substance, and R has a value of 
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2 calories. So, when An is posiuve the 

molecules increases by the reacuon), Q, is le s Ut^ f3" ' “f 
when An is negative (ie. the number o£ gaseous mols decreases) 

On is greater than Qc . 

TTvami-le 7 rAe heat of formation of methane at con^wnf jrressurc u 
isj^c^'ahsk'! CalJaii tlu heat of reacUon at cor^siant volume. 

c + 2H, = CH, + 18,500 calories. 

Given Q = 18,500 caU., R = 2 cals. ; T = 298" Abs. 

= mols. of gaseous rcactants = 2; = niols.j)f gaseous products = l. 

• ^n=net increase in mols=«a-«, = l-2- -1. 

Substituting in the equation, = Qp — /^"RT, wo get 

Q^ = 18.500+(-1)x2 x 298 = 17,904 calories. 

Alternative Thermodynamic Derivation —The above cqua- 
tion TlX) ' an be easil^ deduced from thermodynamics, hi 

definition of the heat content, H we have 

h=e+pv=e+«rt 

Taking dillerence between the final and the initial state and 

indicating it by A» have 

^H= + A”^T 

But AH=-Qp and aE=-Q^ 

Qj, = QT.-AnRT 

(b) Tempemtnre Depeo^ "nter” ring ^he 

ihermochemical principles have an --rc^^^ 

calculation of the neat encti snecifK reacuon such 

temperatures. Consider, for at two tem- 

“ I’b^iO =PbO -urting a^ con.ant ^press^^ 

peraturcs Tj and 1, V ox^ecn at the lower tem- 

Tvely. Now. starung hom lead and <.xyge ,, „ture T, h. 

perature T., we c^n obmm lead ox.de P 

rip"T:'to'^blaTn’'pbo":t the same temp, and then heat this 

Up to the temperature T^. 

R 1 irfc fnr 


The net heat evolved in the 

process is Q, -Cp* (Tj-T,), 
WrcCp* is the average 
molar heat capacity oi 
litharge and the term Cp 
CTj-Ta) is the heat neces- 
sary for the final heating. 

On the other hand we 
may first heat up the mix- 
ture of Pb and to the 
temperature T, and then 
allow them to react to pro- 
duce litharge at this higher 


ro- r. P*^nCg) c+ D 

C+D - CX(Jo‘ \ ^ a*'’’ 



Path CO 



A+B 


A I n » W .a ^ 1 ' 

fe+rf -CpCvT,) aiT 

Fig. 42— Diagrammatic lioi.rcsciilalion 
of Kirciiofl's equation. 


ducc litharge at this higher c\oUcd is 

temperature evolving Q. calorics. 
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9 * where Cp is the heat capacities of the reaaants 

i.e. Pb + ^Oj. 

u initial stages are the same ia 

both the above cases, the thermal effects must be equal by Hess’s 
law or the law of conservation of energy, i.e., 

Q=- Cp(T, - T.) =Q. _ C,*(T, - TJ 

OrQ,-Q. = (Q,-C,*)(T,-T0=-ACp(T,-T.) ... (4)-IX 

where AC, means increase in heat capacity of the system. This 
ecjuation is called Kircho'ff^s equation, 

^ternative Derivation of Kirchors Equation— The above 
equation can be very simply derived from the thermodynamic 

dehmtion of specific hear. The equation for constant pressure 
{vide Ch. VIII, P. 100) is, ^ 


Cp 


=e?), 


or 




At constant pressure, dAH=ACp<n' 

Intepating both sides within limits, and considering AC, 
independent of temperature, we get & ^ p 

{AH)3-(AH).=ACp(T,-T,) ... ... (5].ix 

which IS the Kircholfs equation. This equation becomes the 
same as our previous equation, if we substitute AH=-0, since 
AH IS tile negative of the heat of reaction at constant pressure, 

htat of evaporation of watrr at 1Q0'‘ at 
constant pressure ts m ratf^m. If average for\vater and\teal an 

Mr in„n:l. MaU Ike laUn, 
'A^h;o •» (A^^)m-538; tor water =1; Cp for steam = 8-l/18; 

ACp=0-4S-l=-55 and T,-T.=J50-100= 50. Substituting in equation 

(4). wo get. (AH)„.-538= -0-55 x 50; or, (AH)„.=S10-5 cal/gm. i.e. 
latent heat of evaporation of water at 150*C is 510-5 calorics/gm. 

E.VAsri’LR 9. The hent of hrmntion of PbO h S2400 ralorirs at • 
colrulatc t .r s„,„c „t SOO^C, given that the mean sj^eific heats V lead 
oxiigm and hthargr m range are 0-0S2. O-^ir, and 0-052 respeclivehi ’ 
Now, Q, =52,460 calories; for Pb + iO, = PbO 

'^molar heat of lithargc=niol. wt.ysp. heat = 223 x 0 052= 11-6. 
=atuini( wt. of Pbxsp. heat+ixmol. wt. of o.wgenxsp. heat 

= 207 X 0-032 -f 16 x 0-215 = 10 06 

A^'p=C/-C7p=ll*6-10-06=l-54. 

Substituting in the equation. Q,-Q. = - A'^'p (T.-T,), wc have Q = 

52.460-1-54 (300-18)=52, 026 calories. 

Heat Of Solution— Heat of solution may be defined as the 
amount of heat evolved when one gram molecule of a solute is 
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yf 


dissolved in sufficient amount of ^ 

dilution no -- mo^ hvdtc^^^^ acid '^as 

lesw'Xies are evolved; addition of Rives 

Uberates 450 calories : a tTjfc vmcr tSlds 

out another 300 calories ; dilution vv hi J.tre^mo 

l^ect t oWved"'* So" the 'l,:. of solution of hydrochloric acid 
^UTren“mte\er "modern "thermochemical literature 

‘’""dded rnd'lu"ch‘'heatrof®Xtio“a"rc1.Xd iuicRrTV'" 

T^olltn " For example, in the following thermochemival 

'''““(‘r H,SO,(0 + H,0= H,S0.(H,0) + 6.740 calories 

(b) H,SO,(0 + 4HP = H2S0^(4H,0) + 13.010 

(c) H,SO,{l) + aq. +20.200 , ■ „ 

The first two ^uations show ^the last 

itbof r^hf Tat ■ ofT.tion^or hlite 

S=5S:E£'f~'=Si 

from equation (c) we get 

H,SO,{HP) + aq.-='ii,^0,aq.+ \S.m cal. 

Many substances, vix. ^roftudS 

dissolve in water with absorp ^ _i-.nrnrion is so larec as almost 
is negative), and sometimes t e p substances dissolve 

to reach the freezing ^ NH Cl dissolves in cone, 

in water with evolution of deposits on all sicks of 

HCl so much heat IS ^/hcat of formation in solution 

the containing beaker Evidenilv substance 

i^iid" U ::;uarr.h: ll^eh^'r"^ "I'Tr '^,1 of forma.io.. of .he 

discussed later) may be pointed of heat, 

dissolves in a "ua^y saturated so^ non iuercasing 
the solubility of the “> ''0 1^1^ be 

temperature and on the »d'' temperature. In 

f"ac?h 1; |!^ssibll“m cllcula.e the heat of soh.tion (.n a nearly 
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saturated solution) of a salt from the temperature coefficient of 
solubility and vice versa. 


Heat of Reaction of other Types — Besides the types of heat 
of reaction mentioned so far there are various other heats of 
reaction, to name a few, heat of hydrogenation, heat of dis- 
sociation, heat of hydration, heat of crystallisation, heat of 
sublimation, heat of transition, etc. Meaning of all these heats 
IS apj^cni from the names themselves as they simply refer to 
-the heat liberated in a particular types of reaction or process. How- 
ever, they need no special consideration as they are subject to 
the same type of laws and treatment as given to the other 
heats in this chapter. 

Thermochemistry of Solution — Two very interesting results 
were obtained from a study of the heat effects in solution. The 
first rtsult is known as the lav.' of thermoneutrality of salt solu- 
tions, which states that when two dilute solutions of inorganic 
salts are mixed, heat is neither evolved nor absorbed, provided no 
precipitation takes place. The second result of importance is that 
the heat of neutralisation of a strong acid by a strong base is 
appro.ximately constant and is equal to 13,S00 'calories. 

The above results become easily intelligible in the light of the 
mcory of electrolytic dissociation. When two salt solutions say, 
NaCl and KNO, arc mixed, no reaction takes place biit the 
mixture contains all the four ions Na+. Cl-. K+ and NO^-. present 
side* by side in the solution Since the salt .solutions are almost 
complcicly dissociated, the net reaction is represented by 

(Nn+-<- a-) + {K+ - \(),- 1 . Xa+ Cl" + K * +NO - 

whidi indicates practically no reaction at all and so does not 
evolve anv luar. In case precipitation takes place on mixing 
dilute salt .'ioliitions (for example, lead nitrate and potassium 
i<y- de). heat ellects are usually observed. It can be easily shown 
r. the heat of mixing in such a case is sub.siantiallv equal, but 
‘*))po.sitc in sign, to the heat of solution of the precipitated 
• ubsiancc (r.g. lend iodide). ^ 

Heat of Neutralisation— The constancy of the heat of 
neutralisation of all strong acids and bases, mentioned in the 
pre\ ions section, can be easily explained. According to the ionic 
theory, in the neutralisation of strong acids and bases, the net 
reaction is the combination of H+ and OH' ions to form water 
as represented below — 


(Na+-OI]-)^(H+ i-Cl-)-Xa+ -Ci' r H, 0 . 


'rherefore, the observed heat of neutralisation is the heat of 
rvaction of ll^ + OH =11,0. which is equal to 13,800 calories. 
J hc heats of neutralisation of some common acids and basis are 
shown in flic actrompanving table. 
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Acid 


All:oli 


Heat ft! iirutrnJi'‘Ci(i‘>n 


HCl 

HCl 

HCl 

HNO, 

HCl 

CH,COOH 

CH,COOH 

i H,S 

iH,S 

HCN 

HCN 

HF 


LiOH 
N'aOlI 
KOH 
XaOH 
N H .0 H 

NaUlI 

NH.on 

XaOll 

X H .< I H 

XaOIl 

XII.OH 

NilOH 


13.700 oals. 
13.680 .. 
13.930 .. 
13.690 .. 
12,50^ .. 
13.300 .. 
11.900 .. 
3,800 
3.1C0 .. 
2.900 .. 
l,3CO 
16.400 .. 


However if either or both the acid and tlie be weak, 

the I?°at of neutralisation will not be equal to 13.800 

r ’ infpd and so we can represent tbc neutralisation in tuo 
“te'pr the ionisation of HCN followed by its neutralisation as 

shown below — 

HCN = H+ + CN- + 9 

H" + CN- + Na^+OH-= Na* +CN- + H,0 + 13.800 cal. 

Adding the two equations we have 

HCN + Na+ + OH- = Na+ + CN " + Hp + (13,800 + 9) cal. 

Since a the heat of ionisation is generally negative the 
obsefved he^t of neutralisation for weak 

less than that for strong a^ and o^-lOOOO) 

Hence, we conclude that 10.900 calories 13 800- 2.900 -1U..K)U) 

arc necessary for the ionisation of one mol of HCN- 

CHEMICA. ArriHlTY .KO or “N 

For more than a century *ihat reactions which are strongly 

of chemical affinity. It was observed that forming very stable 

exothermic, take place I'. of 

products. Accordingly, Berthellot and T . • the lariicr the 

reaction as a measure of chemical t j compound, Iho stronger 

amount of heat evolved during forma^on ^ I ,,il, be 

will be the affinity between the component atoms r.r. 

more stable. , , .uiq nrincipK'. 

Two very simple objections *{ ®rimUio2 of^nlablo endothermic 

Firstly, the above rule cannot explain ^^st reactions, are 

compounds and secondly, it i^ores Ui J formation is in 

,evcr.iHo and .o, can go b»‘h ^ „ind^hough in most ca.ea an 

no way a measure of the sUbihty 01 a 1 

approximate parallelism is noted. ihat every spontaneous 

It has been shown on d*®”"odynaniic K external work 

reaction, if anilably Xn,l Tork at con.lant tempcainro mnl 

JiSsorS b ‘“iiel ,°.TZr„ cAonye, A'? »' * » 
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tion of COj and H,0 are 9X,300 cal. and 68,300 cal. respectively. Calculate 
the heat of formation of methane. [17,100 cal.] 

13. In nature calcium carbonate occurs as calcite and aragonite. 
Suggest a inetliod for determining the heat of transition, the direct transi- 
tion being too slow to be measured. 

14. Wiiat is the relation between heat of reaction at constant volome 
and at constant pressure. The heats of combustion at constant volume of 
carbon, carbon mono.vide, hydrogen and methyl alcohol (?) at 200*C are 
97,000 cal., 67,700 cal., 68,400 cal. and 170,600 cal. respectively. Calculate 
the corresponding heats of combustion at constant pressure. 

(a = 97,000; b = 68,173; c = 68,873; d = 169,181.) 

15. From the following data at constant volume at 17*C, calculate 

the heat evolved in the conversion of acetylene to benzene (a) at constant 
volume and (&) at constant pressure. [Hint : iiso cqn. {2)-IX]. 

(i) C-fO, = CO, +96, 960 cal. 

(ii) 2H, + 0, = 2H,0 (liquid) + 1,36,720 cal. 

(iii) C\n, + 150, = 12C0,+6H,0 (liquid) +1,58,700 cal., 

(iv) 2C,H,+50, = 4C0,+2H,0 (liquid) + 620,100 cal., 

I(?v = 130,800 cals. ; Qp = 131,960 cals.) 

16. What do you undcrst.and by the terms “heat of reaction”, “heat 
of formation” and “(hermochcmical equations”? What is the relation 
between heat of reaction at constant pressure and heat of reaction at 
constant volume? Illustrate with an example how the heat of reaction is 
determined indirectly. 

17. A solution of the composition CuCl.+lOHjO is diluted with ‘6’ 
molocult>s of water. The heat disengaged in this dilution is expressed by 

tlio empirical formula. Qr= X S025 q£ solution of CuCl, in 600 

muls of water is Q, ^ 11,080 cals. Find out the heat of solution of 
nniiydi'Jiis CiiCl, in 10 moles of water and find out the heat disengaged in 
tlii'diliitioii of Curi,+600 .aq. the dilution being effected till there is no 
nKiic liicrmai ihange. [6,231'6; 174’6] 

/lint : — Put f» = 590 in the equation to pet heat of dilution of CuCl,= 
jnu o to CuCI, +60011,0 : again, put 6 = infinity in the eqimtion after 
the nuinci::>r and ilciiominator with b, whence wo get the total 
li .U of dilution of t .iCl, + 10Il ,0 to be 5023. 

la. The heat o: reaction (:0 + iO, = CO, is 57.^ calories at 18*C. 
'■.•uMilate the heat of combustion of carbon monoxide at 1000“ C, given 
tli it ibo mean molar heats of (’0, 0. .and CO, are 6*55, 6'5 and IQ'S 
ti-ir(i;iivoly [56,915] 

19 To convert water into steam at lOO'C. 539 calorics per gm are 
Tetiniii-d, Calculate tlie latent heat of evaporation at SO^C, assuming Cj> 
to Ic 8 for steam per mol and unity for water per gr.am. [566'8 cals‘./gm.] 


CHAPTER X 


the second law of thermodynamics 

Introduction-While the first law (Ch. VIU) establ^hcs the 
equivalence between heat and work it imposes no condition on 

Seir mutual convertibility. In other words, it m coin ert 

what circumstances and to what extent it is possible to com ert 

one form of energy into another. Our experience however si ows 

that there arc some restrictions inherent in the nature of heat 

which limits its complete convertibility ■"'<> 

heat oasscs from a hot body to a cold body. First law tc is 
uf that the amount of heai lost by the hot body must be 
equivalent to that gained by the cold body but there is notion 
in the first law which tells us that the heat 1 as to tlovv 
sDontancously from the hotter to the colder body and not in the 
r^erse direction. Taking another example if we expand an 
ideal gas isothcrmally. tlie gas absorbs heat from the ^‘‘rround^ 
incs and converts it completely into work. If we could noNs take 
the cas back to its original condition without leaving any change 
tfe S^arrounding^ ^ repeat the performance anv 

number of times and thus could get an inexhaustible supply o 
work at the expense of the heat of the surroundings. There is 
Zdng in tL^rst law which tells the p-ess^ o 

impossUile because we are not creating "J 

absUing adh us ho^refdiat 

thiTh'^i^possiSe^ Hence, there must be some other law besides 
the first \lw. which governs the direction of flow of heat and the 
Stem of its converubihty into work. And. this law is the second 

law of thermodynamics. 

Statement of the Second Law— The second law has been 

external^ 

In'Tthf worfs, however ingcniouslv we might con*'J“« 
machine it is impossible to transfer 

to a higher temperature, or to cool a body an ^romnensatory 

this heat into work without leaving /“jr j our macliine, 

change. This is not due to any f'" '^Zlc of heat 

l’“‘lf" S im,^r sS'uLlations on the 

- rli^ .o know 
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what maximum fraction of an amount of heat can be converted 
into work and what are its minimum compensatory changes. This 
can be best done with the help of an imaginary process, called 
Carnot Cycle which we shall do shortly. 

Reversible and irreversible Changes — Consider a quantity of 
water enclosed in a vessel fitted with a weighdess fricdonless 
piston (Fig. 43). The pressure on the piston will be the saturation 
pressure of water at this temperature, say, P. If the pressure 
on the piston applied from outside is also P, the system is in 
equilibrium and no change will take place. Suppose the external 
pressure is increased by an infinitesimal amount to say, P+dP; 



I'lg. 43. — Reversible evapoiatiim and condensation of a Liquid. 


die piston will move down slowly until all the vapour is condensed 
into li<jijkl. Similarly, if the external pressure is decreased by 
an infinitesimal amount say, to P-rfP, the piston will slowly go 
up until all the water has been converted into vapour. The 
al)ovc two processes where the driving force is throughout 
infinitesimally greater than the opposing force arc examples of 
reversible processes. Hence any process zi’hatsocvcr ichere the 
process cau be made to go in both -j.ays by just increasing or 
diininisltine^ the applied force by an infinitesimal amount is called 
,t reversible process. 

A very good example of a close approach to a reversible 
pioccss is a galvanic cell, where if an external E.M.F. is applied 
to a cell such that it exactly balances the actual E.M.F. the cell 
reaciiou will come to a standstill, and the cell reaction can be 
made to run in either direction if the applied E.M.F. is cither 
slightly more or slightly less than the true E.M.F. of the cell. 

Alternative Definition of a Reversible Process — The concept 
of reversibility is fundamental to the science of thermodynamics 
and besides the foregoing definition of reversibility there are 
a number of other alternative definitions depending on the way 
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of looking at the process. An elegant definition depends upon 
the realisation that in a reversible process every intermediate 
stage is an equilibrium f/age. We can therefore define a rc%er- 
sible process as one where all die intermediate stages are cqui i- 
brium stages, i.e., a reversible process proceeds along an equili- 
brium path. 

There arc two important points to be understood about 
reversibility. They are: — 

(a) A reversible process produces more 'uork than the 
same process conducted irreversibly, and 
{b) All natural processes, i.e. processes V-'hich take place 
spontaneously, are irreversible. 

The first point follows easily from the concept of work. If the 
applied force is less than the equilibrium pressure of the svstem 
naturallv. we are getting less work than the system is capable of 
yielding^ For example, in the above illustration with water, 
sunnosc the water is at 100*C and so its vapour pressure is one 
atmosphere. If we apply a pressure which is almost eiiual to one 
atmosphere the piston will move up and will yield the niaxunum 
work But if we apply a pressure which is perceptibly less tlnm 
one atmosphere sav. half an atmosphere, during the expansion 
die pismn ^wm go up against this pressure and we shal get onlv 
half the work for the same amount of water evaporated. 

trocTslblc," of irrevcr^ibilitv 

some kind of spring which always applies a pull \ , 

than the pull if gravity. Eventually the stone will a d n o 

the earth though it will take an inordinately 

whole energy of the stone will be found rcco\ ‘ . r p ,> 

up as potential energy in the spring. In the 

in a natural process the energy of the fall is irre\ t, _ 

Maximum Work during the Isothermal 
non of a Perfect Gas-Having clarified the 
ible change produces more work than that o > a . , 

same process conducted irreversibly, we mig it nm ' 
maximum work obtainable by the tsot p and 

pansion of a perfect gas ^^ f |'*ljjj‘*^hcridPisinfinitcsi- 

the external pressure is reduced to P, v.;.dV and its 

mally small, the gas will expand to a ^o expanding, 

pressme will fall m P.-dP, when the gas will ccasc expanamg. 
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The work done by the gas is P^dV. If now the pressure is reduced 
further to the gas gg 


P-<^P 


P-rfP 




p= 


RT 

V 


Fi^^ 44 — Reversible isolhermal 
expansion of a perfect gas. 


will again do a little expansion g ^ 

by a very small volume dV, ^ k ^ 

until its own pressure equals P-c^P ^ P-rfP 

the external pressure, Pj — 2dP. I g i 

The work done in this stage is | § r X.# 

now equal to {P,^dP)dV. ^ V| 

Such a process in which the | T 

applied pressure is always p P 

negligibly smaller than the gas 
pressure is to be continued on P “ 

the gas until its pressure falls 

from the original pressure P, I 

to the final pressure P, and J 

the volume increases from r 44 -ncvcrsibIe isothermal 

to f J. The abo\c described expansion of a perfect gas. 
process is a reversible process 

according to our previous definition and hence, yields the maximum 
work under the conditions. Therefore, the maximum work is just 
equal to the sum of all the small work terms like PydV, (P, - dP)dV, 
etc. This summation can be easily done with tlic help of integral 
calculu.s as follows, for an expansion of volume from to V^. 

Maximum work=P,.dri (P, -rfPWr+ {Py-2dP)dV 

-i- + (P,-dP)dP 

••I ^ I 

-RT f'"' 

J .. V ' 

‘ I 

Since at constant temperature V 2 !^' i — 

Maximum uork = RT In VJl\ = RTln PJP. ... {1)-X 


Sci. the maximum work depends on the ratio of the two 
pressures and not on their absolute values. This rather surpris- 
ing result is however, roughly corrol>orated by our experience of 
inllating bicvcle tvres (which is of course a process far removed 
from rever.sibility). where we have noticed that the most strenuous 
part f>f the job is at the beginning and the finishing job is com- 
paratively easier. 

Ewmi'LE 1. CalnJalr ihr niorinit/m work ohtainahh from the iso- 
Ihfnntil Ttvcrsihlr rx)xinMon «/ «J mol of •jM.rfcct fjai at from (a) 3 atm. 

to I ntrn.. and (6) 10 atm. to :'i atm. 

(«) Mftx. Worl< = 2'305 liT log I\jP. 

= 2-303X (8-31 xlO-)x 298 log 2 = 1-66x10'“ erga. 

(A) Since P, is tlio same, max. work is the sajDo os (o). 
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This equation for maximum work in an isothermal reversible 

expansion of an ideal gas is important and will be often used. 

Note that when considering the reversible expansion of a vapour 

in contact with its liquid, we kept the applied pressure constant 

throughout because the pressure over a liquid does not change 

during the expansion of. its vapour. In the above case, howcNer. 

we had to continuously vary the applied pressure because the 

pressure of a gas falls during expansion according to Boyles 

law. However, the indispensable LOJtdition of reversibility that 

the applied pressure 

must always be just 
smaller than the actual 
pressure was strictly 
adhered to in both the 
cases. 

The Carnot Cycle — 
In order to find out 
the amount of work 
which is obtainalilc 
from a given quantity 
of heat, Carnot devised 
an imaginary cycle— 
a seejuence of fom 
operations on an ideal 
gas bringing it back it) 
its original condition. 
Fig. 45 — Carnot Cycle Since the gas which is 

tlie working material 
in this imaginary engine is brought back to its original condition, 
its internal energy change is zero after the completion of tlic 
cycle, and so, by the first law {equation (4)-VIII), the algebraic sum 
of all the lieat quantities absorbed by the gas during the cycle 
is equal to the algebraic sum of all the work done by the system. 
Wc now proceed to calculate the different heat terms and tire 
different work terms in the various phases of the cycle. 

Wc start with a mol of an ideal gas at a pressure P,. \(»lmne 
Kj, and temperature Tb, confined in a cylinder fitted witli i 
weightless frictionlcss piston and carry out the following lour 
operations on it. (Fig. 45). 

(a) First Operation — The gas is placed in contact with a 
large reservoir of heat at temperature 'l\. and is expanded 
isothcrmally and reversibly along AB until its pressure and 
volume change to and respectively. 

Wc already know that in this process the ideal gas absorb'' 
heat from the surroundings (here the heat reservoir at tenipera- 
lurc To) and does an equivalent amount of work given by 
equation (1). Let us call the work done in this first operation 
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and the heat absorbed (it is called to keep similarity 
with Tj). 


Therefore, w^=q 2 =RT^ In ^ 


(«) 


(6) Second Operation — ^Thc gas which is now at a pressure 
P.J, volume Fj and temperature is isolated from any source 
of heat and further expanded adiabatically along BC to a 
pressure and volume V^. We know that the temperature 
falls in an adiabatic expansion and let the new temperature be 
T,. Since the process is adiabatic. {q = 0), we know (equation 
ll'VIII) that the work done at this second stage called 
is equal to the decrease in internal energy of the system. 

w^=:-AE=C\{1\~T,) ... ... ( 6 ) 


(c) Third Operation — The gas, now at pressure P,, volume 
Fj and temperature T,, is placed in contact with a heat reservoir 
at temperature T, and is compressed isotliermally and reversibly 
along CD to meet the adiabatic cur\e passing through the 
point A i.c. to the point D. Let die new pressure be P^ and 
volume be F^. The compression is conducted isothermally and 
hence the temperature remains constant at T,. During this com- 
pression along CD the gas gives out heat to the heat reservoir 
at T,. Let this amount of heat be g,. Also this amount of 
heat is equal to the work done upon the gas, called w,, which 
is given bv just the negative of the work done bv the gas in the 
rovcT-o process i.c. in die expansion along DC. Therefore, 



- PT, In 




(a) Fourth Operation— The gas is now thermally isolated and 
i-- tfinipre'scd .idiabaticallv along DE to come back to its original 
’■ri -iirc. voluiiic and temperature. As in the second stage, q-0 
i-'rl rhf work done upon the gas during the adiabatic compression. 
.!i\ (.ti i>v increa>^c‘ of internal energy. 

tc,- -C ... ... (d) 


I'hc gas i.s now b.u k to its original condition i.c. it has imdcr- 
"oiK a complete cvclic <iperaiion and hence according to the first 
i'\ ilic total work doiw bv the gas is equal to the total heal 
• thsoibvd bv the gas. The total work done by the gas is equal to 
■!ii‘ u.ak done hv the ga.- during cxpatision in the first and the 
loml stages minus the work done upon the gas during the 
. .iiujircssion in the thirtl and the fourth stages ; i.c.. 

Total work, 

.Also, the total heat absorbed by the svstcni is equal to the 
heat absorbed by the system at minus the heat given out at 
the temperature 7’, i.c. 

Total heat absorbed -g. - g, 
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Since, total heat absorbed = total work done, we have 

=RT^lnVJV^^C^ (r2-T,)-Rr>K3/K.-C„ (r.-T,) 

=RTj^nVJV^-RT,lnV,!V^ ... - ■ 

Also, we proved earlier (equation 22-VIII) that for any adiabatic 


expansion, = constant and therefore, for the 


two 


adiabatic curves, BC and AD, we have 

which on division gives V JVi=V^fV 
Therefore, eqn. (e) becomes, 

V. 


= VJ, 


C,IR 


Dividing this equation by equation («), we get 

- — rw^ 

q, 9= 


(2)-X 


Now a is the heat absorbed at the higher temperature. T,. 
w is the maximum work obtainable from the cycle and the term 
I n Ts the fraction of the heat which is converted into wo L 
Hence we come to an extremely important conclusion that 
the nw;cimum fraction of the heat which is cofiucT/»6/f m(o work 
from a Carnot cycle defK-nds only on the temperature 
heat reservoirs and on nothinfr else. The quantity w/q. is calletl 
!hc thernwdynamk efficiency of the cycle and equation (L '"■•y 
be regarded as a mathematical expression for the second law. 

From the above equation for the efficiency of a Carnot cycle 
or any reversible cycle whatsoever, the interesting fact ^'"’crgc 
?hat hLt energy ai higher temperature is more precious than 
heat energy at fLer icmpcrattire because more of the former can 
rcon^ted into useful work. So. in the sense o 
to work heat and work arc not completely equivalent, and thev 
can be 'regarded as completely equivalent only at an infinite y 

'“"'Gre^Hrof .he EquaHon of Carnot CyOe-We have 

rns'rcaralTdThe'’ L‘rnys''“onc "r^ns in a reverse nay, which 
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latter is possible because these engines are completely rcNersible. 
If we now adjust matter such that the heat given by the new 
engine to the low temperature reservoir is exactly taken up by 
the Carnot engine in its reverse operation, we shall have uln* 
matcly created a combination of engines which is continuously 
converting heat into work without leaving any other change. 
This latter process is impossible according to the second law. 
Hence, any reversible engine "whatsoever has the same efficiency 
as the Carnot engine, provided the temperature limits are the 
same. 

It is natural for the student now to raise the question what 
happens if we do not carry out a change as prescribed by Carnot, 
7 .C. by ^ series of isothermal and adiabatic changes. Without 
going into any details into the matter, we can say that the 
importance of Carnot equation still remains unimpaired, because 
any reversible cycle whatsoever, without any restriction about the 
nature of the substance, about the operating conditions and 
?c(|ucnccs, and about anything, provided it is completely rever- 
sible. can be shown to be equivalent to a large number of (^rnot 
cvclcs for each of which the Carnot equation is valid. Hence 
comes the importance of the Carnot equation. 

The Concept of Entropy— If wc transpose equation 
inr the second law suitably, we get 


ni 


T-. T, 

Hear absorbed at T. Heat absorbe d at T , (3)'X 

--t - -1^- 

Sirue ilu- equation derived for Carnot cycle is valid for any 
other rcver>iblc cycle and in fact since any reversible cycle can 
l;e slidwii to be ccpiivalcnt in the limit to a large number of 
Carnot (vcles. the above* equation is valid for any reversible 
evde whatsoever. Now. if wc define a function S, such that 

Heat absorbed reversibly ^ 

1 rni|)erauire at wliuh the heat is absorbed 
• a- i sj-rcssing as infinitesimal quantities 




... Ch-x 


Imniediatclv sec from the above general equation (31 that 
die •^um of all terms over the whole cycle is zero. In 
other words, if wc pass from a state A to a state B by any 
rcversililc path and again come back by any other reversible 
path to the original state .1. the A*^ the first path is equal 
to the /^S by the second path or any other reversible path. 
Thus. S depends onlv on the state of the system and not in the 
least on how that state has been arrived at ; i.c..S is a stare function. 
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This property S defined by the above equation is called the 

entropy of the system. 

rL" t 

these two states, u'hcre qrcv stands tor tnc . . ^ 

sibly and T the correspondin); temperature. This is matliema 

callv expressed by equation (5) above. 

U should be realised that this definition of entropy has 

hsHS 

S £3:^3 = 

X.” KV3Ei“ f £t: 

"shoufd be noted that the ^ ^^seT apam amn 

rT^^^niST vdd f y r .0 

3 v,r.p”i" ,r= iS . .5 

atm. inc sy^i oi qnn calories The entropy change AS ot 
system absorbs —ol»oUU caiorio. r. qi oAA/oQft eu 

S .3 

SSsSSiSSE 

If we now measure the heat aosoroea ov u*^ ^hcm-hcd bv 

the same ‘^i^“‘"^,hril’'qft the entropy increase in the 

ahUTeSm-^ I'n’^Ltr dlls ell.ric cell will now evoh.e only 

n.160 calories and so the entropy increase is only h.ion/- 
-205 c.u. 

Entropy change during Isothermal 
feet Gas-lt should be once again emphasised that 

absorbed divided by the temperature is not rn-rrsibfy 

in entropy hut the latter is equal to the l^eat ab ^ 
divided by the temperature. Suppose wc take a g. . * 
it to expand in a vkcuum as in Joule's experiment.^ 

that the gas docs not absorb any heat i.e. q • nsion has 

ncrease is certainly not zero because the above expan ion has 
not been conduaed reversibly. The entropy mcrea wo^d be 
equal to the heat absorbed by the gas divided by the tempera 
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turc if the gas was allowed to undergo the same expansion 
reversibly. In rhe al^ve case we know (cqn. (1) ), that when a 
perfect gas expands isotliermally and reversibly from a volume 
to the heat absorbed is equal to the work done=RTln 
^J}' I therefore die entropy increase is this quantity 

divided by the temperature i.e. Rln VJV^. The student might 
wonder why though the system is absorbing no heat the entropy 
is still increasing. The reason is diat we have proved above 
from the Carnot cycle that the entropy increase is independent 
of ho^v the change is brought about and depends only on the 
initial and the final states of the system and is equal only to the 
heat absorbed Tevetsibly divided by the temperature. 


Comparative Study of the First and the Second Law — 

file modus opcratidi" of the first law and that of the second law 
arc basically similar. The first law introduces a new concept, a 
(juantity called internal energy wiiich is a characteristic of the 
state of the system ; similarly, the second law introduces a new 
function, called entropy whicli is a characteristic of the state of 
the system and is not at all dependent on the patli of a change. 
Also, in the first law we measure the change of internal cnergv 
)y the energy vye put into the system minus the energy we 
lake out of it ; similarlv in the second law the entropy change 
is ineastired hy the Iicat cnergv we pur into the system divided 
n’ tile corresp(»nding temperature, summed up over the whole 
laih of the ih.uige, pnn'idvd the 'u'hole change ts conducted 
revcrsihly. I lie concept of internal cnergv is as much a logical 
of the first law as is the concept of entropv of the 
'I'cotui l:nv. 1 he only ditlercncc as we sliall sec later is that 

< iit?^y is indestrmtihic and so easilv appeals to our materia! 

< Mmjiri lK nsiofi whereas entropy always incTcases in anv natural 
[iiaxi'sv. whith is unlike any material cliange wc are familiar with. 


A Simpler Approach to the Concept of Entropy — There 
i' .iiioilu'i. tlioiigli not strictly rigorous, ivav of looking into 
i::!:o|iv \.hiih Inlps to clarifv ihe fundamental idea behind it. 

I in iiHiinal energy of any substaiue is composed of various 
«.(.!iirihiitions. A part iniglit be die kinetic energy of the molc- 

I I le>. another part might be the vibrational energy of the 
ii'i.lunles. .inothei part might be due to iniermolceular attrac- 
lion. and (uher parts might be disiriluiied in various other wavs. 
Sitoiid law leaibe' ns that all these various contributions of 

lurgy are not ■ cpiallv convertible into useful work. Without 
aring in (onsidir wliich part of these tlilTercnt forms of internal 
t iieigy is useful, the .-econd law tells us that a portion of this 
energy is always unavailable and entropx n- measure of this 
uniK'iiihihle oierax. In fact we can regard the entropy as the 
untnnilahh' energx p‘’r unit temperature i.e. entropy multiplied 
l>y the temperature ( K) gives the total cpiantiiv of energy which 
is unavailable for useful work. 


t, 
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The idea is very simple and can be illusiraicd with the help 
of our previous example of the reaction of calomel formation — 

Hg + 4 CI 3 = HgCl + 31,300 (olorkt 

The heat of reaction of the above reaction at 25"C and 1 atm. 
is 31,300 calories. The question arises how much of it we can 
utilise for useful work? Is there any theoretical limit to the 
work which we can get out of this heat of reaction? The secon 
law answers the question unequivocally. It first says that the 



Fig. 46— Various energies in a chemical reaction. 


Heat liberated in the above reaction, 

Hg + 4 CI,— HgCl; = 31,300 calories 

Entropy change in the above process, = 206 0 . u. 

Unavailable energy = Entropy decrease x Temp “ K = 6160 calories 

• Available Energy for useful work, -( -T^S). 

= ^^_T(-^S) = 31.300 - 6,160 = 25,140 calories. 

whole can not be necessarily obtained as useful work. A part 
of it is to be lost which is proportional to tlic absohuc tempera- 
ture at which the reaction is carried out. And it also adds that 
this proportionality factor is the entropy change of this reaction 
and has a definite and measurable value under specified condi- 
tions In other words, decrease of entropy multiplied by the 
absolute temperature gives the unavailable energy of the 


reaction. 

In the above reaction the entropy decrease is There- 

fore, the unavailable energy is entropy x temp K=20b x 
= 6100 calorics. Hence second law tells us that out of 
31,300 calorics evolved in the above reaction 6.160 calorics ar 

unavailable, and however ingenious and . 

might construct we shall never get more than 2o.l40 calorics ot 

useful work out of this reaction. 

Entropy as an Order-Disorder Phenomenon-- Tl^erc is a 
slightly different but very instructive way of looking 
It is a common experience that there exists a natura 
for an ordered set of things to get di-rdcred by the intcrp ay o 
natural forces. A platoon m formation if left to itself ho^^ 

control becomes a disordered crowd A house ^ ‘ f 

assemblage of bricks, left to itself becomes a conglomerate ot 
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bricks and so on. Since we know that the total entropy always 
increases in any natural process, we can therefore identify increase 
of entropy as increase of disorder. So, entropy is a measure of 
the degree of disorder of a system. This also fits in with our 
previous idea that an increase of entropy is equivalent to a loss 
of available work parallel with increase of disorder sisnifyin^ 
le-ss useful work. This is in analogy with our common social 
experience that a well-organised society is more efficient than an 
unorganised one. A quantitative expression for order-disorder is 
nie probability of the tlicrmodynamic state of a system i.e. the 
number of different arrangements of the constituent units which 
produce the system with the same properties. So. a system 
always tends to change by itself towards a state of maximum 
entropy i.e. maximum probability or maximum disorder or 

landomncss of its molecules, and the more the disorder the less 
is ilie available work. 


Frw Energy Function — flic tmuept of emrojjv as developed 
above IS the most fundau'.cntal idea of thcnnodvmamics But 
tor convenience some other functions liavc been derived from it 
which liave been found to he very useful for studies of chemical 
processes. Let us define a function A. called work content 
Tunnion (also called Helmholtz free cncrjiv) by the equation 

A = E-TS _ ,,, (6,.x 

AA = eon>;imil iniipridlun-]... (7)-X 

rile .student could iinmedialdv sec from the definition of 
• iitiopy uc have given in the previous section that TaS is the 
nn.nailabic- energy and is the total cnergv and their differ- 
cnf( A.\ ,s evidentlv the useful work. We however proceed to 

tni<. * 


Atcording to the definition of cntropv, we have at constant 
teiMjier.-’ture 


• •”d aj'plving 
*'! (ourNe. at 

' ' ’t.'lVl.- 


AS ((r,r.T 

the first law to the same reversible process which, 
constant temperature yields the maximum work. 






Ah -- (J n r ■ 

tinning these two values in cqiiaiion (7) ue get 
-AA 


a III II. r 


iIk' tlecreasc 
iinijicraiure is 
:-Ielll. 


of the work lontent function A at 
equal tc) the maximum work done 


.. (8)-X 

constant 

bv the 
# 


We now define another 
• .'ilieil Gibbs free cnergv. or 
following equations 


function F. called free energy (also 
Gibbs function^ as defined bv the 


F-H-TS 

• * k 

AF = AH - TAS {at cou.s/uu/ tnnpi'niltire] 


(9)-X 

(10}-X 
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Evidently, since H = E + PV, and F — A + PV, the free 
energy function F, bears the same relation to the work content 
function A, as the heat content (enthalpy) H does to the internal 
energy, E. 


Suppose a reversible change takes place at constant tem- 
perature, T and at constant pressure, P and tlie system changes 
in volume by aV. The work of expansion of the system is 1 A' 
and suppose the system does an additional amount ot work 
w which latter wc' shall call net work. Hence, the total woris 
dine by the system PAV. Hence we have from the first 

law, 

AE = (‘yr<r.)j) — “ P 

AE + PA^^ “ {^rcc^p 


By equation (0). AH = 

From second law cqn., AS = (9 ^ • 

Substituting these values in the definition of free energy funaion 
(cqn. 10). wc have 

AF= (qf<'r.)l> ”^’i ” 


= -«■, 

- A1'’=^’i = ^'“PA^^ ■ ■■ ■ 

Hence, the decrease in free energy at co;j5/flnr temperature and at 
constant pressure is equal to the net u’crk i.c. the total work minus 
the pressure-volume work due to the system's own volume change. 

The students should be careful to avoid the fallacy that any 
reversible process yicUls the maximum work. This is quite 
erroneous and misleading. The main idea is that any reversible 
process yields more work than if the same process is conducted 
Irreversibly. But the same process can be brought about in an 
infinite number of reversible ways and tlic yield of work may be 
tlifferent in each case. In other words, given only the initial 
and the final conditions, it is not possible to state the maNimuni 
amount of reversible work obtainable out of the cliangc. Onh 
if we put another additional restriction that the 
constant throughout, the maximum reversible 
definite and fixed, and equals the decrease in the work conitn 

function i.e. (-AA) of the system. 

Tke student SI.O.M 

:’:r„raS l'lK'=’na w„,.^proviac.> .O.H -'Vl'e;-.,.. a„,> 

rro3r‘.ho^'cL:r tas = .... 

inrrod..e »ny I'f “"vV., """S 

chanf-e, the total «o.k h,t also tl.orc arc a.l.litional 

^rou^^ltroTrit^^r/or example j -the -^,1 tormatmn 

?rr32o^a"Ketk::rZ':va-;i.l.tretal »orl, U a few llmerand ealer.e. 
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which is otherwise not valid, but the only restriction about pressure is in 
the term P^V wliich only imposes that the initial and the final pressures 
are to be the same but allows us complete liberty to change the pressure 
if wo want during the transformation provided we adhere to the overall 
restriction tliat the process is reversibly conducted. This is a very 
important point and should be carefully noted to avoid later confusion. 

Total Entropy Change in Reversible and Irreversible Processes 

—So far we have been considering the entropy change of the 
system only. For example, in an isothermal reversible expansion 
of a gas we calculated in a previous section the increase in 
entropy of the gas, but during the above process not only the 
gas but also the surroundings have also undergone a change in 
entropy. Since the process .is ideal, the surroundings have lost 
an exactly cc|ual amount of heat at the same temperature as 
the gas has gained tluring its reversible expansion. Since 
entropy increase is defined as heat absorbed reversibly divided 
by the temperature wc immediately see that the increase of 
entropy jjf the gas is equal to the decrease of entropy of the 
^^lrr^.lln(iings. That is, the total entropv change in the above 
reversible jjrqccss is zero. This is liowcver true of anv reversible 
process as is implied in the definition of reversibility and entropv. 
Hence we can write that for any reversible process, 

A'5 - A-^, -f AS. + AS 3 + ... = 0 ... (12)-X 

where A‘^-» A-^ 3 * etc., represent the entropv increase of 

all portions of matter which have suffered any change of entropy. 
In oiluT words if wc had an isolated system u'hcre all changes 
t<ihr lildce ri'i'crsihlx the total cittropv like energy would remain 
constant. 


( "iisidi r now tlic same change conducted irreversibly. 
'I'.ilsing the extreme c.asc. suppo.sc the gas docs the same expan* 
>ion against .1 vacuum. In this case no heat will he absorbed 
liom the surroundings and so the surroundings will not undergo 
;my cliange in entropy. However, the gas has undergone a 
' hange ol entropv c-xactlv equal to what it did in the previous 
I’Vtisible ex|>ansion. because rite entropv increase does not 
‘i( ])ind on the actual amount of heat absorbed bv the gas but 
depends only on the heat which the process cconW have absorbed 
!' ;l Kwdnctfil reversibly. Hence, after the above irrever- 
sible ( \p.insion the total entropv will be higlicr than that at the 
In ..'inning. The same holds true as long as the expansion is 
it rr\ei sil)le. because in all such cases the loss in heat by the 
(luironmenr will be less than what it would have lost in a 
ve\«isible process. This condition applies to all irreversible 
piniesses whatsoever and so wc come to a verv important 
<<uKlusi(iu that ill anx irreversible process the total entropy 
increases i.c. 


AS'AS, AS, >0 ... ... (13)-X 

This fact led Clau.sius to icrselv summarize the first and the 
second laws bv saving diat the energy of the universe remains 
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comtant, and the entrol,y of the universe lends touards a 

™ The siEnificance of the above equation (131 is a little discon 
certing from our material vjwpoint. Since ‘^crease o 
meanf increase of unavai,ald^ energv^_^(«^c_P^ 134), alm_^ 

equation Signifies that ^natc u remains constant. 

energy unavailable thoug h^ orentrop""^vhat happens when 
Consider by a rough cakulaiionotentrp)^^^^ 

a hot bodv equalises its tcnipe hodv lns trained q calories, 

body has lost 9 calorics and the cold "ody <7.^ 

But ^ t'lT cold bodv. 'the entropy decrease of the 

ho? body (,/T ) ‘is dtis?ro?ss. 

S a!f — r ' ;=ous processes. Hence we 

can write 


II «« A A V W 

^ ^ = 0 for a reversible jirotess 

^ fi>r f»y »‘'^»*‘ral process 


{14)-X 


KS; *? .1 ” 

attained, all production o comnlctc end. This inevitable ami 

we understand would come to . was fully realised bv 

irrevocable transition lowar made the <^rim propheev ol 

Clausius in the last f ^,?,„?tVwbe'’n no lok would 

?;p" owing m an absolute equalisation of temperature 

conditions of Equilibrium ^‘j;;“?™cm!:!ns Id 

c^o^ which . in'equibbri must 

satisfy the condition, (15)-X 

dS = 0 

If we leave hydrogm with "otal ent'ropv 

continuously , hLt to a cold body becau^. 

is increasing. A hot body g ^ nrncess. It should be cau- 
thc total entropy increases by P tonibinc to form 

fully noted that when hydrogen and increase, in fact, it 

HCl. the entropy of the system » • j total entropy 

Si— 

<locs not change any more. 
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Though the above condition (equation 15) is a perfectly 
general statement of the condition of equilibrium, for our 
chemical purpose we can narrow it down under some definite 
conditions to some easily measurable property of the system 
itself independent of the change in the surrounding. Suppose 
uc conduct a chemical reaction between hydrogen and oxygen 
(It constant temperature and pressure to form water vapour. The 
system changes because there is a driving force behind it which 
if properly harnessed will yield work. This work is something 
which is in addition to the pressure-volume work owing to the 
change of volume of tlic system and is called the net work of the 
system. Hence, only a reaction which can furnish some net work 
tan proceed naturally and when it has lost this potentiality, no 
further change in the system will take jjlace. Since net work is 
the negative of the change in free energv wc can immediatelv 
write. 


AF = negative fur a natural pracc^s 

/\F = positive for an ttnnatural pmeess {16)-X 

= 0 for an c<iuilihrium 

W e draw the attention of the students again to the sign of 
Af’ "iih relaiidii to the net work produced. 'Fhe function F is 
a measure of the net work content i.c. free energv tonient of the 
system and hence, anv decrease of F(/.c. F., F, =negativc; 

means that the system has ]>roduced net work. This function has- 
been thus defined because we want to lomeiitraic our attention 
<-n the svstem itself. 

Chemical Afliiiity and Free Energy — riu- free energv of a 
tiieniii.al reaction is tlic drivin., force or the aflinitv behind the 
leaciion atul <'uly processes for which /\F is negative mav take 
place Spontaneously. For the reaction. 

ILO: ^ calorics 

i‘i<ans that if \\e coumti livclrogen and <i.\vgen to a mo! of 
'• .Uer at unit pressure and g.i C . tiu- systi-m decreases in free 
':ui'g\ by .iti.lV.iii calories. In other words il wc had conducteil 
1 '' s.ii'ie reaction nwersihly. we could get calories of work. 

::d lu iKi- il is a spontaneous reaction. 

.\tioiher application of this concept is illiistiated bv the follow- 
i!i': two equations which show two ptissible wavs of decomposition 
'd t.vdro'jen peroxide and tlic lonespouding tluoreticallv calculated 
iici energv changes. 

(m n,,0. - H .O O . ; aF eals 

(W IFO„ " -• O, : AI‘ - -d.-lid I ;ds 

It is ilius seen why hydrogen peroxide- is more j»ronc to decompose 
to water and oxygen rather than to hydrogen ant) oxygen. 

A negatitc valne of A^ docs not necessarily mean that the 
process docs take place spontanconslv. It merclv shows the 
possibility of the reaction provided the conditions are righ^- 
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Thus a mixture of hydrogen and oxygen can remain indefinitely 
without any detectable change. When a catalyst like plaiinisetl 
asbestos is introduced, the two react with explosive violence. 
The reaction would not have occurred even with catalysts if the 
thermodynamic possibility as shown by a decrease of owing 
to the reaction was not present. Suppose we want to manufacture 
ammonium nitrile by a new reaction. 


Instead of searching for catalysis and running innumerable 
trial experiments to know the possibility of such a scheme, the 
c|ucstion might be settled by a simple calculation of AF from 
the existing thermal data and sec whether it is a negative or a 
positive quantity. Actually it is found that is a large 

positive quantity for the above reaction and hence we predict 
that the reaction has little chance of being a commercial success. 

For determination of the free energy of a chemical reaction, 
which is undoubtedly one of the most important applications of 
thermodynamics to chemistry, the student is referrccl to Ch. Xl\’. 


Variation of Maximum Work with Temperature : Gibbs- 
Helmholtz Equation — The second law equation as derived from 
C^arnot cycle gives the maximum work obtainable from a given 
<juaniity of heat whereas the first law relates this heat to the 
internal energy. Hence, if we eliminate the quantity of heat, </ 
between these two equations, we get a simple relationship 
between the internal energy ami the maximum work. Thus, 
from Carnot cycle, 

r, - T, 

If 7 \-T, is very small the work obtained will also be m i v 
small and expressing both of them by infinitesimals, we have 

(IT ^ (FjJu<ax 
dWmax.—fj- y or. 7 = j " 


Substituting the value of 7 in the first law equation. 
^ . r ^d'X,uax. 

AE=7-tt’, U'C get, = ^ ~df^ 


... (17).X 


which as well as its another form, viz., equation ( 18 ) is known as 
the Gibbs-Helmholtz equation. 

The significance of this equation is more easily appreciated 
if it is written in the form where — A^ ‘S substituted for w, i e. 

O'-, = ... 

which means that tlie maximum work done by a process is not 
generally equal to tlic decrease in internal energy, but the two 
arc unequal by an amount shown by the right hand side or the 
Gibbs-Hclmholtz equation. 
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Gibbs-Helmholtz equation is undoubtedly one of tlic most 
useful equations of tliermodynaniics as it embodies the essence 
of both the first and tlie second law, and almost any relation 
of thermodynamics can be deduced from it or its various modi- 
fications. We give below an illustration. 

Variation of Vapour Pressure with Temperature : Clapeyroa 
Equation — The Gibbs-Helmholtz equation can be applied to any 
isothermal process or change if we can conduct it reversibly. 
Suppose we want to apply it to the process of evaporation. If 
we take a mol of a liquid and want to convert it reversibly into 
vapour, we can easily do it by confining it in a vessel under a 
weightless frictionless piston and applying a pressure just lower 
than its saturation pressure. The piston will be pushed up 
reversibly until the mol of water has been completely evapora- 
ted. In Uiis change since the pressure is constant throughout, 
the system will do an amount of work given by the pressure 
multiplied by the change of volume. If the molar volume of 
the \apour is V.^ and that of the ii(]uid is I-',, and the saturation 
pressure is P, we have work done = pressurc x volume increase, j.e. 


Differentiating with respect to temperature at constant change 
of volume, (Fj- 




dp 

dT 


'I'hc svstem will also he absorbing heat from the surround- 
ings ifjiKil to its latent heat of evaporation. Let the latent 
Ik- f, which substituted for r/ in the first law equation 

ei\es 

-L-'j.' 

Siihstiiiiting these three etpiations in the Gihbs-Hclmholtz 
i ciiM’.ioM i !7) wc get 


or 


i[P L 

dr ' r 


(19)-X 


wliiilt is Clapeyron equation. 

Since the luat absorbed at constant temperature and 
j-nssure is equal to stihstiiute A^ L. to get the 

’more familiar form of Clapeyron equation. 


dP ^ _ah 

dT 


(20)-X 


Tins eepiation gives the rate of variation of equilibrium 
pressure with temperature during any phase change and so is 
applicable not onlv to vaporisation but to any change of state say. 
tlie con\crsion of a solid into a liquid, or one allotropic form into 
another, where A^I absorbed by one mol during the 
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transition and V„ and V, are the molar volumes of the second 

« & 

phase and the first phase respectively. 

Change of F.P., B.P., and Transition Temperature with 
Pressure — Equation (20) which gives the variation of ilw 
equilibrium pressure with temperature can also be used to 
calculate the change of transition temperature (including melting 
point, boiling point, etc.) with pressure, because the latter is 
merely the reciprocal of equation (20). This may be illustratetl 
by calculating the change of M.P. of ice with pressure. 

Density of ice, 0*C=:0‘9168 'jirr = 18, 09168 c.r. iimf. 

Density of water, 0*C = 09998 y'ce .•.Vj = l8/0'9998 f.r. nu>/. 

Latent heat of fusion = 80 caljtjm /. L = 18x80 caf.'ino/, 

. flT T(V,-V,) 

• • »//'" L 

273x18 (1/0-9998-1/0-9168) 

18x80 

= — 3’09 tlfijrev -rc jcut 

Now, 1 atmos=76xl5’6x98l ihjiu’lcm- (^ihjuc cm jee -ir<j jvc) 

= 76x136x981/4-2x10' ciiljrc 
Hence, 1 cc/co/=0'0241 atmos-' 

• ^ = — 3 09 x 0'0241 = 0 0745 iltijrtc oImok'-' 

•• dp 

So, the melting point of icc at 0*C is lowered by OOTl’C bv 
1 atm. increase of pressure. Note carefully the method by which 
units have been handled and it is urged tltat this method should 
always be followed when complicated units arise. 

The student should carefully note that V^-Vy is negative 
for the transition ice — >■ water, and so the melting point of ice 
is lowered by increase of pressure. For the transformation 
\vater — > steam, Fa-Tj is positive and so boiling point is raided 
by increase of pressure. Further the volume change during eva- 
poration is a few order higher than the corresponding change 
during melting, and so though the melting point of icc is lowered 
l)y less tlian a tenth of a degree if the pressure is increased to two 
atmosphere, the boiling point increases by about 20“C hv tiu 
same pressure change. 

ClausiuS’Clapeyron Equation — The Clapeyron equation 
admits of some useful simplification if applied to the vaporisatioii 
of a liquid. Since the volume of a liquid is very small compared 
to its own vapour, we can ncjgicct F, in comparison with V y when 
equation (20) becomes 

dP _ 
dT TV^ 

Also, since F, is the volume of a gas we can api>ly the idyal 
gas equation PV=RT which makes F, equal to RTjP, which 
substituted in the above equation gives 
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1 

P df~ Rp 


d In P _ AW 
dT RT- 


(21)-X 


which is called die Clausius-Clapeyron equation. 

This equation is only approximate since wc have used two 
approximations in its derivation ; we have neglected Ki and we 
have used the perfect gas equation. The latter approximation 
usually affects the results more than the former. 

The above equation (21) can be integrated by assuming AW 
independent of temperature as follows. 


d in P = AW dT,:RT- 

f" 


lnP= 


AW 

RT 


+ constant 



i.f. if the logarithm of tlie vapour pressure of a licjuid is plotted 
.'gainst the retiprocal of the absolute temperature, a straight line 
ijl obtained liaving a slope equal to - AW/'idtKlR. 



This is illustrated in I'ig. 47 where log P has been plotted 
•ig.iinsi 1; r for a few common lujuiils. It will be observed that 
(he experimental data fall verv closclv on straight lines. 
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If we had integrated between limits say 
would have obtained 

log P.-log P. = 2 ^ 3 " ( 

From this equation knowing the vapour pressures at two 
temperatures we can calculate the latent heat of evaporation ot 
a liquid, or alternatively, knowing the latent heat of cv^aporation 
and the pressure at any temperature we can calculate the vapour 
pressure at any other temperature. 


Tj and we 
... (23)-X 


EXERCISE 

(1) Distingui.sh butween reversible and irreversible changes giving 
examples. 

(2; Discuss tlie reversibility or otherwise of the following changes : — 

(0) Explosion of a mixture of H, and O,. 

(h) Conversion of a mol of water to steam at 100* and 760 inin. 

(c) Heating a liqui«l at constant volume from Ti to T,. 

(d) Charging and <liscliarging of a lead accumulator. 

(<;) Cn++ + Zri = Zn++ + Cu, (1) conducted in a heakcr and 
(it) in a Daniel cell. 

(3) One mol of an ideal gas held at 10 atm. in a cylinder is reduced to 
one atmosphere in two stage.s, viz. first to 5 atmosphere and theii to 
1 atmosi.hero, temperature being 27*C throughout. Calculate the total 
work tlone in these two steps and compare it with the total work obtainable 
from the same overall change, if carried out reversibly and isolhennally. 

[31’98; S6'64 litrc-atm.l 

(4) What is the maximum work obtainable in a reversible «ind 
isothermal expansion of a mol of ethylene from 1 litre to 100 litres at 27 C’. 
as.surning tliat the ga.s follows van dcr Waals equation? Use a and b 
values uiven in Ch. III. What would be the value for a perfect gas? 

( UO'3 lit atm. ; 113'3 lit-atm.l 

(6) Calculate the maximum work obtainable in the reversible ami 
isothermal expansion from P. to P, of a gas following the equation 
PV* = RT. In what essential way docs the result differ from tho perfect 

gas value? . . • 1 

(6) Deduce an expression for the efficiency of a rovcrsihlo engine, ami 

from tho expression develop the concept of entropy and show that iho 

latter i« a state function. 

(7) Discuss the statement with its full implication, Entropy of tho 

universe tends towards a maximum”. . 

(8) Deduce an expression for the difference between the rovcrsihlo 
heat and the irreversible heat of any change as a function of temperaluro. 

(9) Deduce Clapeyron equation for the plienonienon of melting. Why 
does the M.P. of water decrease whereas that of pure parafTm wax 

increase with pressure? . r • 1 

(10) How do you obtain the heat of vaporisation of a liquid trom 

change of vapour pressure over a temperature range? , v t T‘ 

(11) Calculate r/, w and ^E when a mol of a perfect gas at N.1.1. 

is reversibly compressed (i) isolhcrmally and (ii) adiabatically to 
2 atmospheres. (Assiimo R). 

[q = w=-378 cals; /^E = 0; 7 = 0 , aE= - w=262 calsl 

(12) Wliy is the change of hoiling point with pressure is nearly tho 
same for all liquids but tho change of freezing point «>dely different 

(13) Entropy has tho same unit as the universal gas cmi i -H. Dis-nss 

tho truth or olJierwiso of tho above statement. 

10 


CHAPTER XI 
SOLUTIONS: GENERAL 

Definition— A mixture of two substances may be homo- 
geneous, or heterogeneous, the former being defined as one, m 
which very close observation cannot reveal the existence of any 
surface or separation between two dissimilar substances and the 
composition is uniform all throughout. Such a homogeneous 
mixture is called a true solution. So. we can formally define 
a solution as a perfectly homogeneous mixture of two or more 
substances whose composition may be varied between certain 
definite limits. 

Tlwre is a class of solutions, which appears homogeneous to Iho naked 
eve but is really heterogeneous as can be seen under a microscope or ultra- 
microscopo. Such a solution is not a true solution but is called a colloidal 
solution. Jlilk is an example to the point for, though it appears perfectly 
homogeneous to the naked eye. under the microscope it is seen to consist ot 
fine droplets of fat suspended in a liquid medium. 

Different Types of Solutions —Substances in different physi- 
cal states may form solutions and the following types of so.utions 
are easily realised. 

1. Solution of Gases in Gases. Example: any mixture of 
gases as for example, air, electrolytic gas ( 2 HJ + O 3 ), etc. 

2. Solution of Gases in Liquids. Example: carbonated 
drink or mineral water consisting of CO 3 gas (and other solutes) 
dissolved in water. 

;l. SoUilion of Gases in Solids. Example: absorption of Hj 
l)v jialladium. 

-1. Solution of Liquids in Liquids. Example: a mixture of 

.dcohol and water. 

Solution of Liquids in Solids. Example: liquid metallic 
nifi'eiifv is dissolved by some metals such as gold. 

(i. Solution of Solids in Liquids. Example: sugar in water 
cu ilie usual types of solutions. 

7 Solution of Solids in Solids. Example; alloys, for 
example*, brass is a solid-solid solution of zinc and copper. 

Examples of true solutions of liquids in gases or solids in 
gases arc not realisable experimentally. Smoke, mist etc., can- 
not be regarded as examples of true solutions of these types for, 
they arc really heterogeneous systems. The student may be led 
to drink that when camphor disappears in air it is certainly a 
solution of solid camphor in air, but it is merely a case of a 
solution of one gas in another. 

Solvent and Solute —Usually we have to deal with solutions 
in which one of the members is present in a large excess over the 
other ; the substance wliich is present in lesser amount is called 
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the solute and the other component present in excess is called 
the solvent. It should be clearly recognised that this distmetion 
of solute and solvent is quite arbitrary and cases e.g. completely 
miscible pair of liquids or gases, may arise where one is quite 
justified to fix up cither of the components as the solvent or the 
solute. 


Modes of Expressing the Composition of a Solution — For 

physico-chemical purposes, it is customary to express the com- 
position of a solution in either of the following three ways — 
(a) molarity, (b) molality and (c) mol-fraction of which method 
(a) is widely used. 

(a) Molarity and Normality — The number of gram mole- 
cules of solute dissolved in 1000 c.c. of the solution is called the 
molarity of the solution. If a gms of solute of molecular weight 
M is dissolved in a total volume of V litres the molarity ‘c‘ of the 
solution will be, (since, number of moles = a/M), 

^ ... ... ... (la)-X[ 


a 

C = rr X 

M 


V 


.'. molar concentration x molecular u eight = gms per litre. 

Exactly similar relations are valid with normality and equi- 
valent weight. 

normality X equivalent weight - gms per litre. 

The advantages of this method of expressing concentration 
arc twofold ; firstly, almost all the fundamental equations of 
physical chemistry, such as the equation of van’t Hoff, the equa- 
tion for the law of mass action, etc., are valid if all the con- 
centration terms arc expressed in molarity, and secondly, it 
simplifies calculation for, if a solution is, say, 0*5 normal with 
respect to sodium chloride, without further calculation we may 
also put it to be 0-5 normal with respect to sodium and chlorine 
separately. 

(b) Molality or Wei^t-Molar Concentration— This method 
of expressing concentration is extensively used by modern 
chemists. The molality of a solution is expressed by the number 
of gram molecules of solute dissolved per 1000 gms of solvent. 
This method has the advantage that concentrations .ye expressed 
on the basis of weight and so, the strength of a given solution 
is independent of temperature and standard solutions can be 
easily prepared with the help of a balance. Standard solutions 
prepared on this basis are called weight-molar solutions. If 'a 
gms of solute of molecular weight M {i.e. a/M gm molecules) arc 
dissolved in ‘1/ gms. of solvent, the molality of the solutions is 



a X 1000, 






If the specific gravity of a solution is known, the conversion from 
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molarity to molality or vice versa can be easily done {Vide 
example 1). 


(c) Mol-fraction— The idea of expressing concentration in 
mol fraction U applicable to a solution consisting of any number 
of components. Take for example the simple case of two com- 
ponents A and B. If in a solution containing A and B only, 
the number of moles of A present be No and the number of 
moles of B present be Nj,, the total number of moles present will 


be No + Nfc. Then, mol-fraction of A = 


No 

N„ + Nfc 


and mol-fraction 





N, 


N« + i\V 


and therefore, the 7nol fraction of a substance 


is defined as the ratio of the number of moles of that substance 
present to the total number of moles in solution. Therefore, con- 
centration of a given solution varies slightly with temperature if 
the concentration is expressed in molarity or normality but is 
independent of temperature if expressed in mol fraction or 

nu)lalitv. 


Mol-fraction multiplied by 100 is called mol per cent. The 
physical signibtance of mol per cent is the total number of 
molecules of any component present per 100 molecules of the 
mixture. The calculation of concentration in different units is 
made clear by the following example. 


I'A'AMVcr. 1. .1 .vifutiiin of Afutiiin chforidt i’<t prepared by diffolving 
i" r/n- “I t/it Miff aiiif itdiliif) jiinl mfjirunt icater to mat-e the total 
rn'.nin P'n KjpnAA fhr rnnrcui ration m molarity, molality and mol- 

t»t thr, 


(m 100 i.f, soln. contains 10 gmss=i0-r58‘5s01709 niols. 

/. I litre cont;iiii:> 1*709 inols. 

‘••Mit i ntralinn - ni>. of tnols, per litre 7*70^9 wiof/litre. 

^ rt|iii\ al» nt ut. of Xa(.'] is equal to its mol. wt. { = 58*6) tljo 
' *4 b(»liHi('ii in nuirnality. 1*709 gm equivalent per litre. 

'tn ICO of the solution ^Ycighs 100x1*05^105 pms. of which 
I ' 0*17 im>l>) are duo to tlie solute and so. 95 i;ms, are due to 

^1\ cr*!. 

. Muial ronerntr;Jion= nuniher of mole per 1000 gms. of solvent 

_ 0 X 1000=i fno/a JU T 1000 ($f xvattf^ 

'fi] ItX) «ms water 100-7-18? 555 innls, 

10 -ms of NaCl = 10-r58*5 = 01709 moU, 

Total number of niols 5*55 -f-0*1709=. 5*7209 

• Mol fraclioii of XaCI • 'il®?. = 0 02987 

f>72 

.Ntol frnction of w.iU'r - = 0'9701 

5-72 

Hi nii*. mol per (H-nt of <om!iion suit is 2’97 .ind tlint of water is 97'Oi. 
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A. SOLUTION OF GASES IN GASES 

Dalton’s Law of Partial pressure —Gases arc completely 
miscible with one another in all proportions, ami 
solutions {i.e. mixtures) with one another m “"V “™“?r 

Usually their concentrations in a mixture arc expressed y 
respective partial pressures. The partial pressure of ^"'' com- 
ponent of r mixture of gases is delined as the pressure that d 
Lmponent would exert, had it been alone present ^ tota 
volume occupied by the mixture. A simple rule was put forNNaid 
by Dalton in 1802 to express the pressure rcl.^ionships of * 
eLcous mixture. This rule, which is known ^iDa tons laj.’ of 
lartial pressure states that ^^the pressure 

mixture is equal to the sum of the pressures uhiJi tiu const 
tuents would exert if each occupied se^ralcly the zolume of ihc 
mixture" or. in other words, the total pressure tn a mi.Murc of 
pases is equal to the sum of their partial pressures. 

Like the cas laws, Dalton’s law holds good accurately only 
at very low pressures. Deviations occur at higher pressures due 
to the^same reasons as cause ordinary gases to depart from ideal 
eas Up to a pressure of a few atmospheres this law is 

ll Jr2y aVsSmed to*^ be approximately true and is extensively 

used in engineering calculations. 

The interpretation of Dalton's law of partial 
the standpoint of kinetic theory is very simple. Since a gas 
contains iil^uch void space, the introduction of a second gas in the 
same space offers no difficulty of »cc^o.nmodat.on^ “emr the 

pr” This'inffis''tramdXrrammatically inVig. -18, wherein 
^e have attempted to convey the idea that the mixture, A and 
B is a superposition of A and B on a molecular scale. 

PRESSURE. + 
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Fig. 48— Kinetic Theory Picture of a Gas Mixture. 
Example 2. Calruhle thf total prr.^r. 

tn and 3 ams of hydrogen confined •« « tot<d lol.nnc of 
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sure in the mixture. Similarly, we have to calculate the partial pressure 
of hydrogen. The total pressure will be the sum of these two partial 
pressures. If P, is tho partial pressure of oxygen, then according to the 
equation P,V = (g/M)RT, we have P,Xl litre = 4/32X'0821x275, so 
P, — 2’8 atm. 

Similarly P,xl litrc=2/2x0082l x273, so P.=22-4 atm. 
the total pressure P = P, + P,=25'2 atmospheres. 

Note that, weight for weight, the lighter gas has a higher partial press. 

Calculation of Partial Pressure— This law is of great im- 
portance in view of the fact that it is not the total pressure of the 
gas mixture but the partial pressures of the components which 
determine the physico-chemical equilibria. For example, the 
partial pressure of oxygen in the inhaled air determines the extent 
to which hemoglobin is converted to oxvhemoglobin. Com- 
bined with perfect gas equation. Dalton’s law gives a very simple 
relation for partial pressure calculations. 

If in a volume V. there are m, mols of A, mols of B, 
mols of C and so on, and the corresponding partial pressures arc 
Pi’ p 2 ’ Pi’ respectively, then according to Dalton’s law, 

^ = Pi+p2+--- ■■■ ... ■■■ (i) 

where /), = «, RT/V; /)„ = h,RT/V: etc. ... ... (ii) 

since each component conforms to the cas equation independent 
of the other. 

Or. P=:(».-f-;i,+ ...)RT/V = NRT/V ... ... {iii) 

\vluTe X is the total number of mols present in the mixture, 
(annbining (ii) and (iii) wc get 


P. 


n. 

% 

\ 




(2)-X 


i.r. ihf l^rrssiirc of atiy comfiouent in a ^as mixture is 

cinui! Id !l:c of its mvl fraction and the total pressure. 

Methods of evpressing Gas Composition— Instead of partial 
pri'"iirc nwiliod ov [In- otlicr nietho<ls discussed in the previous 
i i*' n ihe ( oinposjfion of a gas is often expressed by percentage 
by volume ol cadi component. The latter is defined as the 
p.T ccni wliicli each species would otcupv if it is subjec- 
!cd ii> -b ■ tniai pressure of tlie mixture. It can be easily proved 
iluu 1 , 1 .- i.iltiiKc /XT cent of any species in a (ras tnixture is equal 
• per cent and hence percentage by volume has the 

aililnumai significance that it gives the inol per cent of the 
•)o - ilircctiy. The proof is given below for 100 litres. 

I' 1' i-V MT 100: 

Ky .b-riniOnii. P, Xl00-«, PT ; P-XlOO ti PT : 




lift llic vdiiinr |.cnrnLigo of the first UMS be r, ; Inm bv (lefmilion oi 
vulijitH' |KT cent, ut» ccl. — 


Vr- i, RT. (II r 


it 


irr 


V + . 

= niol. piT I out of A 


- XlTO -“ii:oi fr:ictic>n X 100 
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So, the two main formulae for calculating composition arc— 
(i) Partial Pressure = Mol fraction x Total Pressure (3)-X 
& (it) Per cent by volume = Mol per cent 

=Mol-fraction x 100 (4)-X 


Partial Pressure 


100 


(5)-X 


Total pressure 

These equations arc very useful for calculations involving 
gaseous mixtures and should be memorised. 


Example 3. Air contains S3 per cent oxygen and 77 per cent nitrogen 
by weight. Calculate the percentage by volume. 

Mols oxygen=:23/32 =0'72 ; Mols nitrogcn=T7/28 = 2'75 

Mol fraction of oxvp:en = 0-72/(0-72+2-75)=0208; mol fraction of 
nitrogen =2-75/(0-72+2-75) = O792. 


Per cent oxygen (by volume) = mol per cent = mol fraction X 100 


= 0-208xlOO=20-8 


Per cent nitrogen (by volume)=0’792xl00-79'2. 

Example ^.—Chlorine (at. wt. SS'iS) is a mixture of the two isotopes, 
viz ^*Cl and ‘’Cl^. Calculate the percentage by volume of the furmeT 
assuming'tlu at. wt. of isotopes to be exact whole number.^ m the chcvnral 

scale. 


If the weight fraction of *’C1, is *, we have 
iX35+(l-x) 37 = 35‘46 or, x ^ 'Tl 

■■■ = wMTCTf = 


Percent by volumes Mol per cent=*7796x 100 = 77*96 

Experimental Determination of Partial Pressure — The law 

of partial pressure can be easily tested by mixing up known 


amounts of gases and compar* 
ing whether the actual pressure 
observed is equal to the pres- 
sure as calculated above. But, 
given a mixture of gases of 
unknown percentage composi- 
tion it is a dilhcult affair to 
determine the partial pressure 
of each of the components. 
Van’t Hoff has pointed out that 
this is possible if wc can find 
out a membrane which is per- 
fectly permeable to only one of 
the components of the mix- 
ture. This is not usually ex- 
perimentally realisable except 
in the case of hydrogen, which 


Nitrogen 



is known to be thoroughly 
permeable to heated palladium. 

The following very instructive and interesting experiment due to 
Kamsay illustrates such a method of determining the partial 
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pressure. P (Fig. 49) is a palladium bulb containing a mixture 
of nitrogen and hydrogen. It is capable of being heated and 
is connected to a manometer. It is surrounded by an outer bulb 
through which a stream of hydrogen at atmospheric pressure is 
passed. When the palladium bulb is heated, its walls become per- 
meable to hydrogen but not to nitrogen and therefore, the 
pressures of hydrogen inside and outside become equal. The 
pressure indicated by the manometer will, therefore, be one 
atmosphere plus the partial pressure of nitrogen inside. So, the 
partial pressure of nitrogen becomes known, the original total 
pressure of the mixture is known, and hence, the original partial 
pressure of hydrogen is obtained by difference. The experiment 
demonstrates clearly the utility of scmipermeable ynemlnanes and 
will be again referred to in osmotic pressure experiments. 


B. SOLUTION OF GASES IN UQUIDS 

Solability of Gases —Gases arc to a more or less extent 
so ub e in liquids. The oxygen of the atmosphere which is dis- 
solved by water of rivers and seas is lesponsible for the respiration 
of hsh and other aquatic animals. 

For purposes of comparison, the amount of a gas dissolved 
by a liquid is expressed in terms of solubility, which is defined as 
the volume of gas dissolved by 1 c.c. of the solvent at the pressure 
and temperature of the experiment. Bunsen however, introduced 
tile term absorption co-cfTicicnt which is defined as the volume of 
gas "I c-c. reduced to Po'.T.P. -u'hich is dissolved by 1 c.c. of the 
given lupiid at a particular temperature. 

Tlie gases widely differ from one another in respea of their 
.sohihihtus whiih depend on the nature of the gas and the solvent, 
ami also on the temperainre and pressure of the experiment. The 
following lahle i.s drawn up showing the absorption co-efficients of 
.'oine common gases in water and alcohol. 


Soi.uitiijTY OF CASES (cc. gasicc. solvent) 


Cas 

1 

waler 

1 Aluuhol 

0*C’ 

1 23“C 

1 

1 25"C 1 

11 

CiK 

Arnrtifiniii \ 

liri 1 

1 

0 0215 

0 0232 
0Wb9 
1713 

1300 0 1 

506-0 ! 

00178 
00147 ; 

0-0285 
0-759 

1 

1 

1 

' 0-0693 

0-2237 

4-44 

1 

0-0661 

0-1312 

0-2171 


Dependence of Solubilitj on the Nature of the Gas and 
the Solvent— ’Iherc is no general law connecting the solubilirv 
of different gases m liquids. But it is generally found that those 
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gases which cither form compounds w ith water S 

folve to ionise e.g. HCl. are the mos^ so ub.e m wnmr whde those 

which condense easily e.g. COj, bU;. etc., a ^ 

the common solvents and the rest winch 

0 N etc are the least soluble of these. The solubiht> ot per 
maneni gases like oxygen, nitrogen, etc. in water at 

temperamre is about one per cent by volume ^ ^ p 

1 rr ner 100 cc water. However O, is more soluhic tnan iv. 

in water and so though air contains 21% 'f“i fm 

contains as high as 34% O,. and tins ot course 
respiration of fish and similar aquatic creatures. Mhcn .... - 

disLlvc in a liquid there is a slight expansion ot volume 

Another interesting fact is that gases are I";,,,-; 

^ohition than in the pure solvent and far less ‘o. if the so Union 
L thLt of an "lectrolyte. For example, a hal normal soUmnn 
rtf KCl dissolves 8-8 per cent and normal solution of sodium 
1 1 di^olves 3 '^ per cent less carbon dioxide than an equal 
' of water ThrreSon of salt-solution dissolving less gas 

mrhans ?ils n' he fl that same quantity of wtiter in the so ut,„,i 
Fs bound to The ions as water ot hydration and so, docs not t. ke 
part in dissolving the gas. The phenomenon is sometimes refer c. 

to as salting-out effect. 

Effect of Pressure on Solubility: Henry s law . s a 

=.s;r Cik '2; ■,£; 

Henrv^s Imw states that tlie amount of a gas 

Therc^T is the Lss of The gas dissolved and P is die pressure of 
the gas. 

Solubility of Oxygen 


Pressure cm. 1 

1 

Mass of.nas dissolved. 1 
per litre; (u^) gins. ^ 

76-0 

00408 

610 

0-0325 

410 1 

1 0-2220 

300 

0-0160 

17-5 

0 0095 


U-'PXIO* 


53-59 

52- 28 

53- 14 

53- 33 

54- 22 


closefy; it follows Henry’s law^ Like all 

law is only approximately true for real gases, and 

by a FiumbFr'^ ot investigators ; the recent det.niniiatio.is in 

Morgan (1930) arc quoted above. ^ 

i*‘= “?g^F:i^*w‘:FT;F;Si'’TTo;T: r 
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volume of the gas instead of its amount Suppose, V cc. of a 
gas of mass m at a pressure P is dissolved. Now if the pressure 
IS doubled, the mass of gas dissolved will, according to Henry’s 
law, also be doubled i.e. be equal to 2m. Now, m gms of gas 
occupies V cc. at a pressure P ; now, by Boyle’s law 2m gms of 
the same will also occupy V cc. at the pressure, 2P. Therefore, 
the volume of gas dissolved is still V but under the increased 
pressure, 2P. 

Tliis can bo proved algebraically very easily. We have according to 
gas equation, PV ~ J RT, or Now, according to Henry’s 


law y/P=constant and so, V=constant 

So. we may state Henry’s law in the alternative way— 
The volume of a gas dissolved by a given volume of any liquid at 
constant temperature is indepeiident of pressure. 

There is still a third form in which Henry’s law can be stated 
as follows — The ratio of the concentrations of the gas in the liquid 
and the gaseous phase ts constant, or stated algebraically, 

Q 

= it (constant), 

where Cj and Co arc the concentrations of the gas in the gaseous 
and the liquid phase respectively. This follows easily from 
Henry’s law, since concentration is directly proportional to pressure. 
This is a generalised expression of Henry’s law and holds good for 
distriluiticm of any molecular species between any two phases 
e.g. i('d:ne between water ant! benzene, etc. 


.p, Phenomena in the Light of Henry’s Law — 

The oriiinarv soda \vater bonks contain carbon dioxide gas under 
prcssiiie, .\s .soon as the |>rt:ssurc is released, the liquid cannot 
now !io!d all rbe carbon dioxide in solution since tlie solubility 
of ilie j^as is iift.v U-ss aiul tliercforc. a large part of tlie gas gets 
all at oiRc t xju.lkal out in bubbles, imparling to it the charac- 
teristic .sparlviiiig freshness. 

IMvlts ;ind other imdir-watcr workers remain in vessels 
tontaining air under pressure as a result of which the gases of 
die air dissolve to a greater extent in the lipids (fats) of the 
body. This iiu leased toneciuraiion of nitrogen in the lipid 
•iKatlis ol nerve trunks produces a narcotic elTect. Besides, when 
tile di\cr coine> up. the pressure suddenlv falls and the dissolved 
nitrogen owing to decreased solubility as expected from Henry's 
law comes out in bubbles inside the body fluids which often 
produces dangerous efl'eii. Hence, for high pressure work a 
mixture of oxygen ami lieliuni is preferred, as the latter is less 
i'oiuble and more dillusible than nitrogen. 

Limitations of Hcnrj's Law — Tlic law is obeyed fairly 
accurately by gases whicli arc soluble to a small extent. For 
gases like ammonia, hydrochloric acid, etc. whose solubilities in 
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water are very large, this law does not hold good at any pressure. 
In such cases where large deviations are found, the real causes 
may be traced to formation of compounds, association or disso- 
ciation, and the law should then be properly modified. Still there 
are cases where the law seems to be much in defect and cannot 
be accounted for by the above general principles. 

Variation of Solubility with Temperature — Unlike other 
types of solutes gases are less soluble in a liquid at a higher 
temperature. There are, however, some exceptions such as 
hydrogen and inert gases, which for a particular range of tem- 
perature behave in a way opposite to the above rule. For example. 
I cc. of water dissolves 0'0137 cc. of helium at 25‘’C and 0 024 cc. 
at 50“C, while for almost all gases the solubility generally falls 
off very rapidly with temperature. 

If Henry’s law holds good, a gas will be completely expelled 
out from a liquid if it is boiled in the open. There are, however, 
some exceptions e.g., constant boiling mixtures, which evaporate 
off as a whole unclianged in composition at a particular tempera- 
ture ; these will be again referred to later. 

C. SOLUTION OF GASES IN SOLIDS 

General— The solubility of gases in a solid is highly specific 
depending on the nature of the solid and the gas. For examjilc, 
1 gm of silver at 800*C and 1 atmosphere pressure dissolves 
0-35 cc. oxygen, and far less quantity of hydrogen, but no other 
gases in any measurable amount. Generally, die solubility is very 
small and a given solid may dissolve small quantities of one or 
two gases, but none others. 

There are, however, cases in which a gas is highly soluble in 
a solid, the most noted of which is that of palladium which 
dissolves many times its own volume of hydrogen (about 1000 
times at 0*C). This case is peculiar in that the solubility 
decreases with rise of temperature. It is sometimes believed that 
such a high solubility is due to the formation of unstable com- 
pounds. 

Some solids, however, have got the peculiar projKTty of 
taking up large volumes of gases, and this is generally limited 
to the surface of the solid. To distinguish it from the ordinary 
process of solution this phenomenon is termed adsorfylion and 
will be discussed in details later in Pan IV. 

D. SOLUTION OF LIQUIDS IN LIQUIDS 

Mutual Miscibility of Liquids — Generally speaking, liquids 
which are of similar constitution arc miscible with one another. 
Thus, water and alcohol, petroleum and paraffin, mercury and 
metals, etc, are miscible with each other. In general, polar liquids 
like water, alcohol, etc. — which arc associated, form ionising 
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solvents and have high dielectric constants,— form a class by them- 
selves which are miscible with one another ; while non-polar 
liquids of the saturated paraffin group— which have no residual 
electric field about their molecules, are non-associated and form 
non-ionising solvents — form a separate class by themselves and 
do not mix up with the liquids of the other class. The above two 
classes are the two extremities of classification and all types of 
liquids intermediate between these two limits exist. 

As regards mutual solubility, three classes of liquid pairs 
exist; — (f) The liquid pairs which are completely miscible with 
each other in all proportions, viz. water — alcohol, water — 
sulpluiric acid, etc., («) The liquid pairs which are only partially 
miscible with each other, viz. ether-water, phenol-water, alcohol- 
kerosene, aniline-liexanc, etc. and («V) Liquid pairs which are 
practically immiscible, viz. mercury— water, nitrobenzene— water, 
etc. It may be pointed out that “practically immiscible” does not 
mean zero solubility and even in the very unlike pair mercury- 
water the mutual solubility is measurable and in fact, mercury 
dissolves to the extent of about 3 x 10 "' mol per litre at 25 *C. 


Partially Miscible Liquid Pairs —Partially miscible liquid 
pairs furnish some very interesting behaviour and a few typical 
systems will be considered. 


The system, Phenol : Water — If some liquid phenol is 
gradually added to water, it dissolves giving a homogeneous 
solution until ilie water gets saturated when on further addition 
two imtiiiscihle phases separate. The lower layer is a saturated solu- 
tion of water in phenol (phenol phase) while die upper layer is a 
satiiraieil ^olution of phenol in water (aqueous phase). At a given 
iein|jeratiire, the tonijitir.itions of these two layers are of course, 
fixed. If iiuiiv phenol is added, no change in compositions of the 
tw(j layers the only change being an increase in volume of 

I lie l<j\.er uivei' and a decrease in volume of the upper layer. This 
goi r. on liirther a iditions of phenol until the upper layer 
\amslte- luu only the lower layer remains, which is simply a 
: aturaK.. s- luiion of water in phenol. 


l!u uperatuic-composition diagram of such a system is 
diiiwn in rig. ,*>(1. Ciorresponding to each temperature there are 
t\..' j.uiiits un the diagram one representing the composition of 
f '. a;|i;(.oiis phase (y) and die other that 0^1110 phenol phase (c). 
.\iiv hdrizoiual line tuts the diagram at two points, giving the 
(oinpositions of the two phases which arc in equilibrium with each 
Ollier at that leinjje-aturc. yz is such a line and y and z are the 
compositions of the two phases respectively. The line y s is called 
a tie-line. These two compositions approach each other with rise of 
temperature ami uhiniatcly become etpial at d ((iS^'C), a closed 
curve being thus obtained. The temperature corresponding to die 
point d is calied the C.S.T. (critical solution temperature of this 
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system as the system is homogeneous in any relative proportions 
above this temperature. 





triethylaminc 


(0) (b) to 

Figs 50, 51 & 52 — Tiiree Types of Miitiiul Solubility Diagrnrns of 

Binary Liquid Mixtures. 


{b) The System, Trielhylamine : Water— The study of this 
system affords an example of the reverse of the abo\e pheno- 
menon (Fig. 51). Here the two liquids arc cotuplctcly mistihle 
with each other in all proportions below 18“C, but separate into 
two layers above this temperature. So, the curve representing the 
temperature and compositions of the two phases wouki be closed 
at die bottom and tlic lowest point would correspond to the 
lou-cr critical solution temperature. Many amines and ethers and 
also methyl ethyl ketone show such behaviour with water. 

(c) The system, Nicotine ; Water —This system offers a 
very interesting study, as the solubility curve is a completely 
closed one. Ii has got an upper critical solution temperature 
(208*C) and a louer critical solution temperature (tKVS-C) 
(Fig. 52). Between these two temperature limits the liquid pair 
separates into two layers, one of which is a solution of nicotine 
in water and the other is a solution of water in nicotine; but 
outside this temperature range the two liquids arc completely 
miscible. 

An interesting fact about this system is the effect of pressure 
on tlic critical solution temperature. On increasing tlic pressure 
on the system the two critical solution temperatures approach 
each other ; the area of the closed solubility curve gradually 
decreases and finally at a high pressure it vanislies and then the 
two liquids become completely miscible over the whole range of 
temperature. 

FRACTIONAL DISTILLATION 

Completely Miscible Liquid Pairs —Among organic liquids 
complete miscibility is by far much more common than partial 
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get as the* first condensate a liquid mixture which is richer in the 
more volatile component. By repeating the process a suflficient 
number of times each time taking the condensate as the starting 
material for the next distillation the final distillate may be made 
to approach in composition tlie pure more volatile component as 
closely as we like. 

This is the principle which underlies all fractional distilla- 
tions, the only complication being that sometimes what we have 
called a component in ihe above discussion and in the 
above figure (Fig. uo) may itself be a mixture in fixed proportion 
of the two or more basic constituents corresponding in composition 
to the extremum points, M or M' (called azeotropic mixture, see 
later). 'I'hus, the more volatile component itself may be a mixture 
of constant composition. M (azeotropic mixture). Further, instead 
of condensing a portion of the vapour and redistilling it in batches 
as discussed above, this is automatically done very efficiently by 
using fractionating columns as to be explained in the next section. 

Distillation of Liquid Pair of Type I— The theory can be 
easily understood with respect to its litjuid-vapour equilibrium 
diagram on a F-X graph (Fig. 56). Here. A and B arc the two 
components of which B is the more volatile (t.c. has higher vapour 
jiressure) as shown in the graph. F1\Q is hs vapour pressure- 
coinpo.sinon curve (P-X curve) which is of course a smooth line 
joining the points F and Q, the vapemr pressures of the two com- 
jioiients. A and B respectively. For an ideal solution {vide 
CU. XIII) this should be a straight line hut usually this is slightly 



I' iu'. 5*1 & v")?— I.i jiii 1 V.ipmir Kr|nili)ii iiini DiaLirain on a P-X graph 

Fij-. 56) ('ll a T-X gr.nph (Fig. 57). 


On the samr eiaph is PP.Q. the vapour composition curve. 
T!ii> is drawn ^uch that anv liorizontal line P,P» shows the 
I nin])iisitii)n of ibe liquid .v and that of the corresponding vapour 
a' \\iih wluch it is in ecpiilibrium. It is to he noted that x' is 
ricbcT in B in agrci tncnt with tlie fact that the vapour is richer 
in the more \olatilc constituent. 
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Suppose we stare with a liquid of composition x. The hrst 
distillate would be of composition .v'. If this x' is now suIh 
mitied to redistiUation, the composition of tlie first jwrtion of the 
new distillate will be x". It is tlius evident that by repeating the 
process a sufficient number of times we can come as close to 
pure B as we like and hence, by fractional distillation on the 
above principle we can ultimately distil off pure B. Thus, a more 
or less complete separation of A and B is possible. 

Use of Fractionating Columns -There are of course great 
practical difficulties in experimentally carrying out the step t>y 
step distillation with initial fractions of the thstillaie as envisaged 
above This is however done automatically by the use of fraciion- 
atinc columns. In fractionating columns the vapour is condensed 
a number of times in its upwards passage and thus, a downward 
stream of condensed liquid meets an upward stream of vapour 
which in effect produces the same results as repeated comlensa- 
tion and redistiUation of small quantities as discussed m the 
previous para. With a properly designed fractionating column 
some typical ones of which are shown in Fig. 58. under proper 
conditions of working, a practically 
complete separation of the two 

components is thus possible in this [ ^ 

case. In industrial practice, well- I p J 

designed metallic very big frac- ^ B ik 

tionating columns arc used and M M 111 

they arc generally known as reett- to ^ — 'J 

fying columns and the plants as p ^ ^ ^ 

rectifying stills. R go J|r 

Liquid-vapour T-X Diagram ^ l| 

<Type I)— The same results can as ^ ^ jr 

well be understood with reference C V U 

to liquid-vapour equilibrium dia- r ^ j Ij 

gram on a T-X graph as shown in ' I nil 

Fig. 57. The arguments arc exact- i 

ly similar except that the T-X ] 1 i 

curves are reverse of the P-X curves y \ ^ 

Iwcausc, as already explained. 58 — Ki-.i* lionatiu*: 

higher vapour pressure means ('olumns. 

lower boiling point, and so no • 

separate discussion on the basis of T-X tliagram will he gi\en ler^. 
as also for the other types in later sections. 

Distillation of Liquid Pair of Type II (Minimum B.P. Mixtures) 

Here the vapour pressure curve shows a inaximuin, NI, bin<c tlic 

maximum vapour pressure means greatest volatility i-e., minimuiu 
boiling point, we may regard any composition, as a mixture o 
the minimum boiling point composition. M and either of tne 
pure components (A or B as the case may be). Ivookcd at from 
the standpoint of vapour pressure curves such systems svill be a 

11 
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combination of two vapour pressure diagrams of the previous 
type» One portion will be in effect a P-X diagram of pure A and 
M, and the other of M and pure 'B, the composition M being 



virtually equivalent to a pure component, and of course, is the 
more volatile constituent in both the cases, as shown in Fig. 59. 
The corresponding T-X diagram (Fig. 66) would evidently be 
similar but upside down, and would lead to the same conclu- 
sions. 

So. on submitting any mixture of this type to efficient 
fractional distillation the most volatile mixture, M will pass off 
first li-a\ing cither pure A or pure b in the still depending on 
ulieiluT the original tumposilion lay between A and M. or 
lii iwi.-' n M and B respettivelv. It uould, therefore, be impossible 
lo 'vpavaU' the t\\o pure components bv fractional distillation. 
The onlv ihlng possible is to separate it into the minimum boiling 
|••(:i^t nuAtme and onlv one ))ure component. 

Tbe ot.iirrentc of such a pair of liquid mixture is very 
(ntniuoii in ihe realm of organic solvents. Ethyl alcohol-water 
'N'.tiin is an ev.iinple ot tliis ivjie. forming a mixture of minimum 
h"llin '4 point. ^\lliti) contains O.'i.oO per cent alcohol. 

The iinpossihii'iv <il' prep.ning ab.solutc alcohol by fractional 
ihsTillatiiin onlv aill now he nnderstootl. and. therefore, the use 
nl lime, sodium, eu. is resorted to for preparing it in the 
.mlivdroiis state. 

Azeotropic Mixtures -U a compositt<ni corresponding to tlie 
mmimum l)oiUng iminr (.M in Figs. 56. .">4. .’>9 and 60) is boiled, 
the miMiire will di-iil i.lT nmhanged in composition at a fixed 
t-.-mpeiaiure just like a pure compound. Such mixtures corres- 
I ondine: to the maximum (also minimum) in the P-X curve which 
tli'dl oil unchanged in composition are called constant boiling 
ir.iYiiircs or iizcotropic ini.Mures and anv fractional disdllation in 
uhiih the components can form azeotropic mixture is called 
.izr<>lri>i>ic (listiUution. Sometimes, to distinguish this type from 
the other ivpe of azeotropes to be discussed below, such azeo- 
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tropic mixtures arc called bv the explicit name of minimum B.P. 
azeotropic mixtures. The following table contains data for some 
typical azeotropic mixtures. 


Cumponent 
A 

Minimum li. P. 
Azeotropes 

Water 

Ethyl alcohol 
Methyl alcohol 
Benzene 
Acetic Acid 
Methyl ethyl 
ketone 

Maxinium U. P. 
Azeotropes 

Water 


B. P. of A 
“C 


Component 

B 


100 

78- 3 
64-7 
80-2 

118-5 

79- 6 


. Ethvl aliohol 

1 OC’f, 

Chloroform 
Methyl alcohol 
Toluene 

Ethvl alcohol 


• « 


Chloroform 
.Acetic acid 


100 

100 

6T2 

118-5 


HCI 
i HNO, 
.Acetone 
Pvridine 


1 

B. p. of b; 
'C 

B. P. of 1 
Azeotrope, 

1 

Wt. % B 

1 

78-3 : 

k 

68-17 

96 

76-7 ! 

65-1 

84 1 

1 

61-2 

53-4 

87-4 

64-7 

58-3 

39-6 

110-8 

105-0 

66 

78-3 

74-8 

40 

-80 

1 

108-6 

I 

20-2 

86 

, 120-5 

68-0 

56-1 

64-4 

21-5 

115-5 

140 

1 


It was sometime believed that constant boiling mixtures were 
definite clicmical compounds formed by tlie «nion of the two 
component liquids. Such a view is no longer held as it is found 
that the composition of such constant boiling mixmres commu- 
ouslv varies with the external pressure at which the distiUation 
is conducted, which is totally impossible to occur for a pure 

chemical compound. 

Hence Ihouch a pur.- li.iuid boils at a constant tciupeiaturc. the 

SiUh the azeotropic mixture, these fraclums may d.ffer 

among themselves in proi)erlic*s. 

DistiUation of Liquid Pair of Type III-Tlu P X c^ve of thi. 
class of liquid pair shows a imnimum. M Fig. u.f) .ami the I X 
ci'vc shoi a l^axinium, M' (Fig. .54) -This lype of --- -- - 
much less common and so is industrially less important ’ 

previous type of maximum vapour pressure mixture. 1 he 
behaviour of such mixtures as also the correspondmg 
e iust the reverse of the previous type and so tts ‘ ; 

not^ be discussed in detail. Tlte liquid mjxture 
the composition of the minimum point. M is th > 

(ie has the maximum boiling point) as its vapour press 

than that of any other composition. So. if any mixture is frac- 

tionallv distilled the composition of the liquid ■ 

flask w^ll gradually approach towards the composmoti of the point 
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M', for, any otlier mixture being more volatile will pass ofE 

first. When the composition M' 
has been reached the liquid will 
boil at constant temperature, 
unchanged in composition, just 
like a pure liquid at its boiling 
point. Thus, by fractional distil- 
lation of a mixture of this type 
wc can at most separate it into a 
maximum B. P. mixture and a 
pure comjwnent. The distillation 
diagram on a T-X plot of an 
actual system of this type tis. 
acetone-chloroform is shown in 
Fig. 61 

If we submit a composition 
corresponding to the maximum 
B.P. mixture evidently it will 
Iroil off unchanged. Such mixtures arc also called azeotropic 
mixtures or more explicitly maximum B.P. azeotropic mixtures. 
Some examples arc given in the foregoing table. 

Examples o! Maximum B.P. Systems— It needs be pointed out 
that only systems which show strong negative deviation from 
Raouli’s law (Ch. XIII) may show this behaviour (Type HI). 
Since negative deviation from Raoult’s law is shown by systems 
with strong mutual interaction, usually accompanied by evolu- 
tion of heat and contraction in volume, we must look for such 
types among organic liquid pairs with strong mutual attraction. 
A good example is chloroform-acctone where \Ye know that there 
is strong hvdrogcn bond (vide Part VI) formation, (CHjjoCO. . . 
and this system l)clongs to this type (Fig. 61). 

Sulphuric acid and water form a constant boiling mixture 
of this type at a concentration of 98’7 per cent of the acid, and 
hvclrochliiric acid and water, at ‘20-24 per cent of the acid. If 
.n <lilme solution of HCl is boiled, the vapour coming out is richer 
in w ater and the mixture remaining in the flask gets concentrated. 
On the other hand, on boiling a concentrated solution of HCl 
ilic vapour leaving the system is richer in HD and the liquid left 
graduallv falls in concentration. In anv case on continued boil- 
ing this change in concentration goes on until a 2024 per cent 
composition is reached, when the mixture boils off unchanged 
in composition at a fixed temperature. The composition of the 
constant-boiling HCl-water mixture is so remarkably constant and 
is so little affected bv small change of atmospheric pressure that 
this acid is often used as standard in acidimetry. 

Industrial Importance of Constant Boiling Mixtures (Azeo- 
tropic DisflUation) —The tremendous development of lacquers, 
varnishes and other similar products during recent years has neces- 
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sitated large scale production of a large number of organic soh'cnts 
which in their turn, oftentimes, involve fractional distiUat on of 
solvent mixtures produced by various processes Someumes e 
ingenious methods are applied to overcome the diffictlt es of 
separation of the pure components An apt ^ 

German method of manufacturing absolute alcohol 
alcohol As already pointed out water and alcohol form a 
constant boiling mixture which prevents purification of alcolml 
bv ordinary fractional distillation to more than ^^out % per c™. 
DistiUation with lime may increase the purip’ of ^cohol to TO - 
to 99'9 per cent, but it is extremely difficult to get rid of 

"“ms ‘beer observed that alcohol, water and benzene form a 
ternary constant boiling mixture in the proportion 18 5. i 4 . 1 

which boils at 64-85'C:— a temperature about eight degrees lout 
Ihan the boiling point of alcohol. The calculated amount of 
benzene is added m the alcohol containing traces of u;atcr and 
the mixture is submitted to fractional distillation The hr t 
tr, hnil off is the ternary mixture of benzene. aUohol and 

a binary mixture of any excess 

licnzJiic with alcohol (B. P. -68 fC) ; the residual liquid m t be 
'dll is absolute alcohol. Since the benzene is used for tl^e 
niiinosc of carrying off the last traces of water, it is termed an 
LJrainer’ for water. Tiic solvent industry is so highly dc\elupc( 
nowadays that such azeotropic distillations have been ihc standard 

'’"‘ wstUlaiffin o'? PaSv'Miscible and Immiscible Liquid^Ir 

can be proIl.d on fheore.ical grounds, that the vapour pressure 
of a system consisting of two separate liquid phases ‘rons ‘in^ 
n constant temperature. Thus, the boiling point of such a 
system consisting of two partially miscible or immiscible liquids 
ronstant and is lower than the boiling point of either of the 
urc components. Also, for in.misciblc liquid pairs the ron.posu.on 
Id the vanour phase is constant and the amount of each ot tne 
‘cmuronen'trpr^en, is proportional to their r„pcctn. jpo 
P--V a. dm fion-g jmm. - m.xture,^^ .^"rtem ^mture 

a/ lSi?t there are r 

being volatile in steam and the distillate contains I 

tiw woiaius Of 8.= 

.ci o, v, 

distilled out. Then 

1»,V = n, RT = XllT or y ’ 
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If the other component, aniline has a vapour pressure, P, at the boiling 
pomt of the mixture, then ® 




P,V=n,RT=~xRT or P,M, 


RT: 

V 


where M, and M. are the molecular weights and gi and g^ are respectively 
the weights of the components present in the distillate. 

Therefore, dividing one equation by the other we get, 

y. ^ P.M. 

y, P.M, ••• ••• ••• 


»/. the ratio of the %veights of the substances distilling is the ratio of 
the products of their respective partial pressure and loolecular weight ; 
])cnoe a hiKli boiling point i.*^. low vapour pressure is counterbalanced by 
a large molecular weight, Thus tho main condition of a substance being 
amenable to steam distillation is that it must have sufficient vapour 
pressure at nearabout 100® C. In tecbnica! practice high pressure steam is 
often used to increase the volatility of the substance. 


E:iample 5. A mixture of nitroherizene and crater hnil^ at 99^ C. 
Calculate their respective weifjhts in the distillate. 

From tho table, vapour pressure of water at 99®C. is 733 mm. Since 
tho liqiud mixture, boils at 99® G, its total vapour pressure must be 760 rim. 
Therefore, the partial pressure of nilrolicnzene in the vapour is 760 mni.— 
733 m.m. = 27 m.m. 


Now, mol. wt. of iiitrohenzeiie is 125, and tliat of water is 18, 


nitrobenzene 123x27 1 

aiTorihiig to con, (6) : — r 

* ' wt. (if water 18 x 733 3*94 

f.e, about 1 'Sill of tho distillate Is nitrobenzene. 


The above niethoil in a n verse wav may be used for tho determination 
of niuk-cular weight of a liquid immiscible with water. 

Example 6. ohserred that a mixture of aniline and icatcr boils 

nt fi ftm/n‘rnf>n* nf of irltirh thr r<7;;OMr presAure of wnter is 717 

injit. {'ah u/o t f/ii )f,ol, ict, of anlfifiC, from- the faet that the distillate 
routmns on*" / of aniline to parts of irn^er, 

Tlio partial f»ii*vsure of niiiltne 760 - 717 ^ 45 m,ni. 

Tlierofore. atrording to equation (6), 

r/, ^ 1 _ 43 xM 

yr p, M:' "‘‘*'''^ 3-23 717x18 

= 93, in coed a-jreemv'ut with the theoretical value. 

Steam Distillation — 'I'lio abt)ve discussion is the principle of 
steam distillation— a j^roicss widelv used in orc;anic laboratories 
to purify immiscible organic liquids. A distilling flask contains 
the mixture of the two liquids, say. aniline and water, and is 
heated to boiling. Steam is passed through the mixture, and the 
distilling flask is connected to a condenser and a receiver as usual. 
The distillate contains water as well as aniline and can lie easily 
•separated by a separating funnel. 


K. SOLUBILITY OF SOLIDS IN LIQUIDS 

General — Solids have a wide range of soluhilitv values in a 
gi\cn solvent from being verv sparingly soluble to very highly 
sohil)lo. For example, all the water present in our earth in any 
form is not enough to dissolve a gram of mercuric sulphide 
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»vhereas potassium iodide dissolve m less than 

water. C^nerallv inorganic salts are sparingly ^ ' 

solvents and organic solids have etpiaAv pmu «’' ■>> ' ' ,1 

Thus solubility depends mainly on the nature ' V' ^ ‘ 

the solvent and on die temperature. There is no ' ,V" 

predict the solubility of a given solid in a given hniiul. U . 
general rule that two substances of similar eomposi.iou dissoly 
fn each other Very peculiarly, however, .hough oigame simple 
hVroxV compounds ire more or less soluble ... ..a.e., be,,., 
metal hydroxides arc insoUiDlc. 

The amount of a solitl which is dissolved be UK. g,..^ o a 

‘"bar itiuiirT^^^^^^ 

extent of 2080 of solutit>u o( i* niny *on(nn 

gypsutn is very l>nely 1’^"‘ ' ’ri.is lias im imi>orliiiil litinim* <>n 

much as 2-552 gms CuSO. of. s«v, 1-noni sol, .I— ; 

methods of i iv mtor uapers. i.ot oii .-t 

first formed is too fine to ‘ ‘ ifniporaluie, H-' 

tl.0 precipitate (or a 'v'"- itl! mi.!;-, ^ •fl„. .■'plauaii 

precipitate docs no longer ,iiaii the i-oavst-r .hm-h. and 

this is that ^vVecl nrccinilatvl .m the .oars.', oiiod ; I'-b " 

fio dissolve m the J.d whereas the less tii>e ones grow lu si/n 

:^r:s.i^';:- 

crowing at tho cost of tho smaller one.s. soluliilitv 

Variation of SolubUity with 

curves of certain i,ecn' plottld as the alui-.t 

(FiK. 62). n\cr The solubility of n.ns, sul.ds 

increases with me ^ jet p soluhilitv 

solubility curves of KNO,. K^l. ;wrr///<-/ t*' 

common salt is slightly pecu ' • ' . liule j, urease nl 

the temperature axis, thus however, 

solubility with rise of CafOM),. CiaSO,, CaC'rO,. 

notably some calcium ‘-‘’’"P"' , , if' (Cc (SO,),), etc. show .t 

Ca-acetate. Ca-butyrate. cerous I i„,.t ol soln- 

decrease of soluhilitv wtth rtse of tempi ralurt . , 

tion from solubility data sec P. 118). ^ 

The solubility curves so far discus. sodium siiii-baie. 

There are some salts, e.g. ,.i\;,nge in .iirc-nunc 

etc. whose that the sfduhilitv <Mrve of 

“ «r!:!i ^rJhiv;' 

^Th?: ihe" hraj* oVTllr emrve reprevenl- d... e.p.ilihd 
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bet«’een sodium sulphate solution and solid sodium sulphate 
decahydrate (Na^SO,, lOHjO). The latter part of the curve is the 
solubility curve of unhydrated sodium sulphate and the point, 



where the sudekr) thatinc in direction occurs, is the point of 
intersection of the two curves. Thus, is the Iransition 

tc-nipcruturc hetuein llie dccahvdrate and un-hvdrated sodium 
'idphate. 

Disiribution of a Solid between Two Liquids -Suppose to a 
dilute- acjueous solminii of oxalic acid is added some quantiiv 
of I tin t and tin- v.liok is ihoroughlv shaken up and allowed to 
‘<e.itk‘. 1 wo layct' will tlien '>eparale. tile upper one being of course, 
till- ciher layer. Xow. oxalie acid is soluble b(Uh in ether and in 
water and hence, it will he f)resent in lx)th i!u- lavers. i.e. oxalic 
ac id will he disirilmied heiweeii the two layers. Stub a distribution 
takes place wlienevcr a solute is shaken up witii two immiscible 
mheiiis, in each of which the solute dissolves, f.g. iodine in water 
and elilorolorm. acetic acid in water and ether, etc. Nernsi 
■ atried out nuineroii'; distrihuiion experiments and expressed his 
l■e^ults in the shape of the following law. If a solute is shaken 
up with two immisiiblo lic|uids. in both of which the solute is 
soluble, the solute di>tri!)utcs itself between the two liquids in 
such a way that the ratio of its concentrations in the luo liquid 
[fhascs is constant ifidcjH'ndent of the amounts of the solid or 
the solvents •, or. sratcil matheinaiicallv, 

K ... {17)-XT 


where Cj and Cj arc the concentrations of the solute in the two 
phases respectively and K is a constant called distribution co- 
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efficient or paititioii co-efficient. This law is called tlic Nernsts 
distribution law, and Henry’s law for gases is a special case ot 
it. This law is only valid if no association, dissociation or 
chemical combination between the solute and the solvent takes 

place. 

This law has been experimcntallv verified in a number of 
cases and is found to hold good only approximately like Henry ^ 
law. The data for the distribution of iodine between carl>on 
disulphide and water is given in the table, where c, rc, is found 
to remain fairly constant. 

Distribution of a Solute {Partition Law 


Iodine bcUvoeii anil 

water at 18 » 


(Jms. iodine 
ill lOce. water 


00041 

00032 

00016 

OOOlO 


Gm.-^. I 

per lOi:* 

e-sl'',' 


1-74 

1-29 

066 

041 


Benzoic acid between beii/.ene 
ami water at 20°t'. 


•<4 

coiK*. in 
water (r,) 

cono. 
in l)un7.. 

(rd 

1 

c./c 

1 

420 

0-0075 

0 0084 

1-12 

400 

00125 

. 0-0239 

1-92 

410 

0-0210 

1 00651 

.3-10 

410 

0 0327 

01650 

5-05 


C' 


12-3 

12-4 

12-2 

12-4 


If the molecular weight of the substance is not the same in 
tlie two liquids i.e. if molecular association has occurred m anv 
of the liquids, this simple law will not hold good. If the mole- 
cular complexity has increased n times in the second solvent, ir 
can be proved from the law of mass action that the equation 
will take the form = From the table for the distnhu- 

tion of benzoic acid between benzene and water it.is tonnd that 
the ratio c, ; c. is constant showing that benzoic at id exists 

as double molecuk*s in benzene. 

These equations arc useful in calculating the amount of a 
solute which can be extracted out from a given solution by anoihci 
solvent as illustrated for a simple case by the following exampk. 

ExamDle 7. The iMriOvtion constant of .urcinir and - 

m ex. of normal snecime and shaken xn(h .,0 < .' ■ 

100 c.c. N succinic acid contains 5-9 gins, of acid 

Let X gms. of the acid dissolve in the ether layer. 

• cone, of other layers (*/60) X 1000 gms. per lilre = 20T 
cone, of water layer=(5'9-x)XlO gms. per litre. 

C ^ater ^(S g-x) 10 _ or X = 0-49 

• cone, of ether Uvor = 0-49x20 = 9-0 gms. per litre;. 

•’ cone of water lavei- ^ 5-41x10 = 64-1 gms. litre. 
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It can be proved on theoretical grounds that the partition 
co-efficient is also equal to the ratio of the solubilities of the 
solute in the nvo solvents. Hence, the partition co-efficient, 


K=^=-'... ... ... (8)-XI 

r, 5, 

where s, and -v, arc the solubilities of the solute in the two 
immiscible liquids. From this relation it is possible to calculate 
either the partition co-efficient from solubility, data or the solu- 
bility from distribution experiments. 


A very interesting application of liquid — liquid equilibrium is made in 
the modern process of refining lubricating oil. The crude lubricating oil 
contains some undesirable constituents of a highly aromatic structure. 
\vhi<-b eiisily gel. oxidised into acids, form sludge and corrode the engine. 
They are. however, more .soluble in various solvents and in actual industrial 
plants liquid sulphur dioxide fat times mixed with henr.ene) is used as 
the extracting solvent. A slightly different type of application is the 
liquid— liquid extraction of a turpentine or benzene solution of dark coloured 
rosin by furfural for extracting out the colouring matter to prc))aie a pale 
rosin of high quality. 

For an application of distribution experiments to determine 
the equilibrium. f/We Part HI (Ch. XVII). 


Example 8. If Wo ^ *"hilr nrr in T', litri'f nnd the 

si'/iiti'in M irtrtirlrj u^liiij I*, lilri.* of on itiiini.<rihlr solrent rofh tiinr, 
rnlr\ilntf thr nmount of the fohite Timninimj ofl'T n extrn'iion^, given the 
riin'iinnt 

I.t'l In* I in* ann‘inil of snliitn von.aininj; nftcr fir.'t cxtrncJion. 
’riicri ( tnn nritiat ifii in iho fir^t laver is the conconfralion 

io the ‘••u Mfiil l'iv»T ')f< aci'oriliiii: tn Xoriist law. 


Now |» t 

littn. Th<* 


»r.rr, 

\' 


^A- orm, = I'kv) 


1)0 thf' nmo»in 1 of ^olnto vomainifl^ after the sori^ml e\t»’ae‘ 
r-ht’ If'iiship InMwecn fn un<l w/, TiuJst lio the sanio a« that 
nr ! /ii_ lleni v. 


;h. - m 


(\ f- AT.) ^ "' (v, -I- AT ) 


I'. I similarly. I'f m^bc lb.- aiuniint Icfi afl<T the n th cxtracliiin. tlieii. 





V, 

-f- AT, 



F. SOUP SOI.ITIOX 

If a sf)hiiion of indine In Inn/ciu- is toohd. ibc solid which 
■^c|)ar;Hi"; is neither pure ben/cne tior ptne iodine but is a 
!ioinot;i'Heous mixture <if tin two. The lompositinn of the 
•coaiating solid ( niuimituislv \.irii's witli the composition of the 
-iilution. S»iih liomnirrnrnu'i mixtures of solids are called solid 
■"hitlnus. Solid solutions arc frcquemlv met with in cases of 
nu raliic allovs. Thus gold ami silver form allovs in all propor- 
rinns uhidt arc realiv soild solutions cottsisting of the two 
cninpoiinds. Simllarlv. brass is a solid solution of copper and zinc. 


solutions: general 
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Almost all metallic alloys arc solid solutions of die component 
metals, or a mixture of two or more solid solutions. In me latter 
case, any surface of the alloy on etching or breaking will appear 
non-homogeneous under a microscope. 


EXERCISES 


1 How does tlie solubility of a g.-is depend on the 
pressure? State Henry’s luw in all the ways possible and discus> its 

A » • 4 4 * 

I • ft ^ ^ # I O 


limitations. 

2 Explain what is meant by :-(«) Soli.i .solution ( 6 ) critical soU.t.on 
ternuerature (<) partition co-efficient, (d) constant boiling mixture 
rSite ciiemicll compound, (c) distillation in steam [1] constant bo.hu. 

mixture, and (</) partial pressure. 

If M is the average mol. wt. of a mi.xture of gases, prove tl.al 

PV = (g/M) RT. 

Discuss fully the rnetliod.s vuu wouhl use to separate the compomn 
of Ainai'v liquid niixture. Statc'.he limitations. IHustiate with examples 

and sketches of the apparatus employed. 

4 What will be observed with regard to temperature and rompoMtum 
ot the c^ulents of three separate flasks ‘on.ainiug respectively w..u-r. dd. 
lin and dil. NaCl solution, if they are gradually heated. 

5 If water containing dissolved nitrogen is 

ami discuss 

wliai hai)i>t*ns in the latter case. 

'X ;x,;=r.-.rsr 

"3,i • 

thp total volume of the mixture — 92 ci. a \ ■ 

niol* f raclioii# * ... tx\ Kv \vei*'ht. 

7 , A n( water contain, 1 " 5^ I 

Calcnlate the .nol per rent, of heavy water n it.^^ ^ 

Che ^e^Jhl/Sn:: 3“ in^T^nnlSriW ‘^na 

n;S/mre, 10-9, ; ■rohn.,,,.^ 61 

fl 1 am. of electrolytic Ra,a ia eontaine,! .n a volnn.o of 1 hl.e 
Calculate the partial pressures of hydrogen am o\\ atmos 0-68 atm. | 

10. 1 Kin. of oxyKOli. 1 Kn|- |,‘;.o",,no' of 1 atmosphere. l al 

‘'“'■ll. Explain the principle underlyinK .he P~' 

A inixtnre of water and "iV“V'"”"V\lcnlato the ,.er rent by weiKhI 
bv naasine through it a current of ste.un. . v-inour I'ressiire of watei 
of nitrobenzene in the distillate e*'®"* 4 * 47 ®' per degree wborea.s that of 

nitrobenzene at 100 j'* m'm, 7 /, = 739-8 mm, ui,/u', = 0 1865. 15f.„J 
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12. Tho partition co-efficient of iodine between water and CS, is 

0 0017. An aqueous solution of iodine containing 0*1 gm of iodine per 

100 c,c. is sh^ofi with CS,. To what value does the concentration of 
tlje aqueous solution sink (a) when a litre of it is shaken with 50 c.c. of 
L S;. (b) when a litre of it is shaken successive! v with five separate 
quantities, 10 c.c. each of CS,? 1*0329 gm/I, 6*479x10-" gm/1]. 

13. Explain what is meant by the distribution law for a substance 
bi t ween two immiscible solvents. * Show its relaKoii to Henry's Law 
r. u'ardin.i; the solubility of gases in liquids. 

Calculate how much succinic acid would be extracted from 100 c.c. 
water containing 5 gins, of tlie acid if extracted with 50 c.c. of other. 
The partition co-efficient of succinic acid between water and ether is 5*5. 

[0*417 gms] 

14. The partition co efficient of a substatice between chloroform and 

water is approximately 5:1. Compare the quantities of the substances 
extracted from 100 c.c. of an aqueous solution by 100 c.c. of chlorofoiin 
u.^ing (a) all the chloroform at a time and (b) using the chloroform itj 
two instalments using 50 c.c at a time. [5 : 5*51] 

15. Prove assuming the fonnuhi dedncc*<l in example 7. that the 
amount extracted by two e.x tract ions with equal volumes of solvent is 
always greater than that extracted in one single extraction using the total 
Nolume at a time. 

16. If a solution is extracted repeatedly with an immiscible solvent 
using the same volume of the latter each time, show that the logarithm of 

1 ho residual concentration ploltetl against the number of oxtraclions wuubi 
give a straight line. 



CHAPTER XII 


PHYSICAL CHEMISTRY OF DILUTE SOLUTIONS 

I. Osmotic Pressure 

Osmosis— All solutions exhibit an important behaviour ol 
great physicochemical interest, called osmosis. Suppose we insert 
between a solution and a solvent a membrane, which does not 
allow the solute molecules to pass through but allows free passage 
to the solvent molecules. Such a membrane which allo^\s the 
solvent to pass through preferentially but precludes the passage 
of solute molecules through it. is called a semipermeable 
membrane. Examples of such membranes of more or less 
tlficiency are fish bladders, lining of egg shells, cellophane paper, 
parchment, collodion, many inorganic precipitates (jellies), t’.,".. 
copper fcrrocyanide, calcium phosphate, copper silicate etc., and 
also various other membranes present in biological systems. 

Since the ideal semipermeable membrane allows only the 
solvent to pass through and not the solute at all. the soUent will 
flow’ through the membrane towards the solution and will tend 
to dilute it. The same phenomenon would take place if wc had 
separated two solutions of unequal concentrations with a semi- 
pcrmeahle membrane, but here the net flow of the solvent would 
take place from the lower to the higher concentration lending to 
equalise the two concentrations. This spontaneous passage of 
solvent from a solution of lower concentration towards a solution 
t,f higher concentration wlfcn the two are separated by a semi- 
permeable membrane is called osmosis. 

It should be very carefiillv noted that if the semipermeable 
membrane is not present in the above set-up. the solute woukl 
diffu.sc from the region of higher concentration to the region of 
lower concentration until the concentration becomes uniform 
throughout. This phenomenon is called diffusion. On the 
contrary, in the case of osmosis,' the solvent moves in the reverse 
direction viz., from the dilute towards the concentrated solution. 
The ultimate result, however, is the same in both the cases, viz., 
an equalisation of concentration throughout all accessible region. 

Abb6 Nollet’s Experiment. —Osmosis i.c. passage of a 
solvent through membranes was first observed by Abbe No let 
(174H). Abbe Nollet used an animal membrane (pigs bladdei) 
as the semipermeable membrane, whicli was stretched across ibc 
mouth of a thistle funnel, P (Fig. 03). The funnel was filled with 
a strong sugar solution, S, and inverted over a trough of water. . 
as shown in the figure. The water gradually rises in the stem ol 
the iliistlc funnel and a position of equilibrium is ultimaiciv 
reached when the hydrostatic pressure equalises the pressure lorc- 
ing the water in. This pressure developed as a result oi osmosis 
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i: 


is the osmotic pressure of the solution and is measured by the 

difference in water levels inside and 
outside. 

It should be realised that a semi- 
permeable membrane is not the only 
type of selective barrier to flow of a 
dissolved solute, and such selective 
barrier may be created in other ways. 
But, whenever such a barrier occurs, 
the solvent tends to flow into the 
region accessible preferentially to the 
solute only. In fact, swelling of 
leather and many such phenomena 
are basically of a similar origin viz. 
restriction of a solute in its free acces- 
sibility of all region occupied by the 
solvent. 
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Definition of Osmotic Pressure. — The above experiment of 
•Abbe Kollet affords a precise deflnition of osmotic pressure. 
Suppose, we have an arrangement as shown in the adjoining figure 
(big. 04). It is a doubly bent tube fitted with a semipcrmeablc 
tnciiibrane. AI on one side of which there is the ])urc solvent 
i\iule on the other is the solution, both arms being fitted with 
wairr-tight piston*;. This svstem 
i iiitiot lx- in e(|uilibriiun, since 
!'‘i ^olvctir uill ti-iul to pa>s n» the 
unless we applv a pres- 
‘ 1’ '-n the jii-'ton (HI the solu- 

I "H ' liilt i(» t (iiinierair this ten- 
‘l< lu V <.i ' • iih ,m j,, jji 

riih exes pressure. P on the 
solijiiii!!- 1 ^ iin- pres- 

o| t’le •'•li.iio:' at (his (on- 
< eniiaiinii. Sn. we tuav give the 
iollouing deluiiii'iii of ’ oMootie 
pre'suie. 

// solrtiiDi n panih’d fr>i)H ihr snhnit h\ ine<nis of a 
'r»n(u-rnuv!,!. uu-oW fhr .v.es.v />rrs-vjoe uhLh has to be 
app.h-d to the 'edut'.ou ut ord. r to ehal- the inlhc,- of the solvent 
find establish eaulhlowoi , , the system, is eallrd the osmotic 
pf’t'ssurt' (ff thr saltifnnt. 

TIu jnain |>oin[ to ;ibnur (»niosis ;u)cl osmotic pressure 

IS that they are m.uiilesiations o| the fan that a solution and a 
solvent (or tvyo solmions of unetpia! vonceiuraiions) are not in 
ilu 1 niod\ namic e(|tiilil)niim. Osnuisi'. is nurelv a pas.sagc towards 
ihis eipiilihriuni. 

Experimental Determination of Osmotic Pressure. -Reliable 
! !u ,i'>ui einciUs of osinotii pri sMirc tovild not he made for a lunsi 
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time owing to the difficulty of producing a satisfactory semi- 
permeable membrane. This was first surmounted by Traubc 
(1867),- who discovered after many unsuccessful attempts with 
mtimbranes of various inorganic substances, c.g. Ca-phosphaic, 
Prussian blue, etc, that the chocolate-red precipitate of cof>f>er 
ferrocyanide, when supported on the walls of the 
porous cell acts as an ideal semipermeable membrane, which could 

stand very high pressure. 

We owe to the botanist. Pfeiffer (1877), the first reliable quanti- 
tative measurements of osmotic pressure. His method was later 
on improved upon by Morse. Frazer and their 
(1901— in America. Also, Berkeley and Hartley (BHKi-OJ 
in England using a different tyjje of apparatus have produced a 
wealth of experimental data in this line. 

Pfeiffer’s Method —(/) Deposition of the setnipermaible 
membrane -.-A specially prepared earthenware porous jioi alter 
proper cleansing anti drying is filled with water and left to use 
until the inside pores are full of water It is now kept i.n.ncr>Y 
in a :i per cent, solution of copper sulphate for some lime, and 
then the interior of the pot is thoroughly uashed out and (juicklv 
dried The cell is then filled with a 6 per cent potassium 
ferrocyanide solution and again placed in the cop|Ki sulphate 
solution The ferrocyanide gradually diffuse^ m and deposits a 
membrane inside the' pores when further diffusion is preceiucd. 
After allowing sufficient time, the cell is washed and tested for 
^irious pressures. The cell is thoroughly washed free from all 
electrolytes and is then ready for use. 

(ii)' Mc-as„reme,it of Osinolw Prcssi,rc—Thc porous tup, I 

thus prepared is filled with the 
solution whose osmotic pressure 
is to be measured. The porous 
cup is cemented to a glass tube 
(r/) which is fitted watertight 
with a stopper, through which 
passes a glass tube connecting n 
with a closed type air mano- 
meter, M (Fig. Go). "hole 

apparatus is placed in a tank 
of water kept at a constant 
temperature. Water gradually 
diffuses in and develops a high 
pressure. Sufficient time (some- 
times. weeks) is allowed to 
attain equilibrium, and the 
osmotic pressure is then reatl 
on the manometer already 
calibrated. It is necessary to 
fin^l the chance in concentration . . 

of the solution due to the inflow of the solvent, but it is expe 
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mentally found that with closed-type manometer the volume of 
water coming in is very small. 

Morse’s Method. — Morse, Frazer and their coworkers modified 
the method of Pfeiffer in two important respects. Firstly, they 
devised a method of preparing porous cells of very fine and 
uniform texture, so that they could make a strong membrane 
•capable of withstanding higher pressures. Secondly, they 
modified the method of deposition of membrane. Their method 
is to take a solution of copper sulphate in the porous cell, which 
is partly immersed in a solution of potassium ferrocyanidc and 
a current is sent in such a way that the copper ions travel 
•outwards and the ferrocyanide ions tra\cl inwards, so that thev 
meet inside the pores and get deposited there as a membrane of 
Cu-ferrocyanide. The completion of the process is known by a 
marked increase in resistance, when the current almost stops. 
The cell is then thoroughly washed and is ready for use. Their 
•experimental set-up is similar to that of Heiffer and is shown 
in Fig. fio. For measurement of pressure Morse used a 
manometer filled with nitrogen. Ltitcr workers introduced more 
refined methods such as an electric resisiante gauge and later, 
water interferometer, the pressure being indicated in the former by 
a change of electric resistance of a wire and in the latter bv the 
variation of the refractive index of water. 

Berkeley and Hartley’s ^!elhod— .\n inijmrtant improvement 
in the method was devised bv Karl ef Berkeley and K. G. J. 
Hartley (10091. Instead of allowing water to dilTuse in and 
(k;velii|i its own osmotic j>ressurc, thev l>alance ilie inflowing 
tendciHv of the water by an ;jpj)lied eNtcrn.al pressure which bv 
detinitii»n, is lajiial to the osmotic prosiire. 



Fi^. 66— Jlea'uroiiifjit of 0.snioti> Piossurc : 
.\['jtarntu3 of Berkpley and Hnrlloy. 


The apparatus (Fig. 001 consists of two concentric tubes, the 
inner one. M M being of line uniform-iext'ired porcelain in the 
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pores of which is ^“10^ are co^MCtcd to a 

S'cap^at ooe eL and 

at the other. The outer tu c ^ arrangement for 

to the porcclam tube and ib niston. In the annular 

applying definite pressures ^ solution while the 

space between the two lubes is clcfinite level in the 

ing a suitable pressure on the b . pressure is the 

tube is forced to the *^*'‘K* ‘ yj ’ advantages of the method 
osmotic pressore of ‘ ^ ff 3 " ,l'Tan"record very hi^h 

■:; dLt ■ dS::‘' cmim^tthtn of the so,ution .* not 

^Osmo.ic Pres^re . here ate 

somc**simplf mctliods which may lougl.ly measure and “'"P^ 
d, osnmtic pressure of solutions. Dc Vries (lasO) cn.ploycd plant 
n for his pmnosc These colls are hountled by m.tre or less 

nrm L-llulosic walls which are lined with a 

uta red if^t^ in" -ilui:;:; 

:f 1^:?’ ™.-ntraimn and «„se<p,ently of 

sure than that of the » i,'"- , > Vn.c the 

^!:;:dll^oi:he^:i."vni'’::ot“ otr^he water from outside to 
come ■ in. If. however, the cell is 
immersed in a solution whose 
osmotic pressure is greater than that 
of the cell-sap, there will he a dillu- 
sion of water from the interior of 
the cell to the surrounding solution. 

This will result in a partial collapse 
of the cell membrane and would 
appear under the microscope as 
siiown in the figure (Fig. (>•>) - 
phenomcnori is known as 

In he easily followed with he 

microscope after staining he cell 
with a suitable staining dye, t.g. 

indigo carmine, etc. determination of rclan\e 

Dc Vries applied this ^ solutions to be 

osmotic pressure, by P ’I' had to be diluted in order 

to make solutions which osmotic pressure and he 

IS' 

or isosmotic** 

12 
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Red blood corpuscles may be used in place of plant cells, for, 
when placed in a strong solution thev shrivel, while in weak 
solutions tlicy swell anti burst {Haemolysis). A ()-84 per rent 
sodium chloride solution is isotonic with the contents of the reel 
blood cells and this strength of common salt solution L known 
in surgery as a 'normal saline solution. 


Applications of Osmosis — Osmosis plavs an essential role 
in the process of life as it is the principal factor which regulates 
the flow of water between living cells and their environments. 
S(>. It IS of great importance in biology, medicine and related 
sciences. Thus, in medicine, solutions isotonic with blood plasma 
are used for injection. If pure water is injected in sufficient 
c|uantiiy. it may owing to osmosis pass into the tissues and also 

^ 00(1 j w li tell mav lead to fatal results. 


The Nature of Setniperincubic Membranes.— Sc* vei a I theories have 
iiecn ail \ a need to explaiii tiu* mechanism of semi permeability, Traube 
believed lliat the semi permeability was :iomething like sieve action, the 
jHires oj Ihn membranes lieing sufru iently large io allow the water molecules 
to pa>s, bill. Mfuill enmigh to retain tile larger solute molecules. The theory 
is ruled out l>y tlie fact that crises of .semipermeabilitv are known where 
Iht! .soime mokcuios are smaller ilian the solvent molecules. Other theories, 
whicJi asisunic the iircfcrenlinl sohihilily of the solvent in the membrane 
malarial or the fnimation of a loose chemical compound witli it, or the 
adsorption of tin* sols cut on the walls of tlie bundle of capillaries const i* 
Intiog the niciuhraiic. have Imhu advanced, luit tl^cre seems to be little 

; the sohibiliiy theory, however, is more 

in tax our at present. 


I ho till ynarnii interpictalicm is. liowever, very clear. A solution 
hris a vapour pressure llmu that of the solvent and so. the vapour 

•! ^ fhronuli the capillaries of tlie seinipermeablo membraiio from the 
li:;l) vapour jucssuie (.sfdvent) to the low vapour pressure (solution) side. 
>•1!* (iplicalinij i»f prosiin* is known to increase the vapour pressure of 
any li luiil, osniotic pre'snie is just eijual to tlie applied pressure, which 


<'.p: 


1. ii 


I he xapuui* juivssure .if llic solvent and the solution, and this 
n wiiubi be resist i*nd iu any osmotic pressure determination by 
\rv !oev*h,'Miism tho membranes might act. 

Ibn. V, Ihilever may ho ilie uureet ilicorv of osmotic pressure and 
I'va uuidolity. it slmnUI )>e elearly gi«ispcd that llie membranes are only 
•' uliiui manifest the e\istcm*e of o^.iKitie jircssnro. but the latter is 
nlureni i)Mip<uiy of the solution whether the lueinbrane is present nr 
.Mnref)vrr, it may Im‘ piiiiited out that though from kinetic standpoint 
•irniir pre^vmiiv is also espial to tlie /'•rrfiut inffmaf of solute 

Tii 'Kiiiies, it i.s not devoh»}Mil on llie surface 4»f a solution, where it is 
l.tl i:ierd l»y the foices arising out of surface tension. Solutions of ordinary* 
i >nr ml rations may have osmotic pressure equal to several hundred 
.0 nio'pheivs. still they can bx* safely slocked in ordinary glass bottles 
V. jihoiit the least >lrain or injuiy to them. 


/•' • 

. I 

ill 
I > ; 
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The Perfect Scmipermeable Membrane — Ii has already been 
[n)inti.d mil tiini no semljicrmcahlc membrane is perfect. In other 
words. iIktc is M)me leakage of solute through the scmipermeable 
membrane of all tvj:es so far prepared. It should be realised that 
a 'emiperineabK' membrane mav not have to be a solid. Thus, a 
I;ivc r of litjuitl or even a gas can as well serve as a scmipermeable 
membrane. In fact, ihe doscst approach to the perfect semi- 
pcrmeable membrane is air or any gaseous phase because if we 
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keep a solution and a solvent in a closed space, the solvent can pass 
through the gaseous phase from the solution to the solvent, where- 
as the solute cannot (sec experiment on lowering of vajx>ur pressure 
Page 188). 

It is as much logical to view the empty spate as a semiper- 
mcablc membrane in the above experiment as to regard the fish 
bladder in Abbe Nollet’s experiment or copper ferrcKvanidc mem- 
brane in Pfeiffer experiments as a semipermeable membrane. 
In fact lately, short air space in between a solution and a solvent 
has successfully been used as a perfect semipermeable membrane 
in osmotic pressure measurements. 

Van’t HofTs Equation of Osmotic Pressure and his Theory 
of Dilute Solution — Piciffer and others had experimentally ct)l- 
Ictted a large amount of data on osmotic pressures, l)ut neither 
was their significance grasped nor was any regularity recognisetl by 
them. We are indebted to the genius of Van’t Hoff (1H8I>). for 
the recognition of a system and regularity in this region, leading 
to his wellknown theory of solution. Van't Hoff showetl that all 
facts regarding osmotic pressure of dilute solutions of non 
electrolytes are embraced by the following equation. 

P - CRT (O-XII 


wlicre P is the osmotic pressure, c is the molar concemration 
(gm. mo) per litre», R is the universal gas constant and '1 is the 
aljsolutc temperature. This equation is identical with the ideal- 
gas equation. (P. 7), PV = RT. So. wc may conclude that the gas 
equation PV = RT is also valid for substances m dilute solution, 
where P is the osmotic pressure. Thus complete identity of 
behaviour of substances in the gaseous state and in solution is 

established. 

This conclusion first reached by Van’t Hoff, letl him to state: 
“The osmotic pressure exerted by any substance in solution is the 
same as it would exert if present as a fras in the same volume as 
that occupied Iry the solution, provided that the solution is so 
dilute that the volume occupied by the solute is nc^lr,rthlc in 
comMrison with that occupied b\ the solvent.” In an element.iry 
pre-sentation Van’t Hoffs equation is very often expressed piece- 
meal in the form of three different laws as given below. 


LAWS OF OSMOTIC PRESSURE 

Law I.. Temperature remaining constant, the osmotic pres- 
sure of a solution is proportioiud to its concentration (P« c \the 
symbol x stands for ‘varies 

Since c=l/V. we have P «c« 1/V or PV=consi. ubere P is 
the osmotic pressure and V. the volume containing 1 mol ol me 
solute. So. osmotic pressure obeys a law analogous to gas 
pressure. The following table compiled from the d.ita ol 
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Berkeley and Hartley on sugar solution, illustrates the point. It 



Kiir. 66— .1. H. Van*t HofT (1852—1911) and W. Oswald (1854—1922) 

should he noted that l*\' is not only fairly constant l^ut has the 
idc-a!-gas \alue in tonfortnitv uiili van't Hoff equation. 


(l-.l'Mc- I'r.KSSI’Ui: .%N1> ('ONCKSTllATIOX (T=0'C) 


' iii r>‘ 

\'i 

Osniot i. 

P/c 


r 

■ ••'M.Ulliii • n:i,‘ 

Presstm', P 

PV 


i:.' 1. \ lit i.-> 1 




002922 

34-223 

0-655 1 

22 416 

22-416 

0 05^343 

17- 114 

1-310 1 

22-420 ' 

22-419 

0r>970 1 

10-09 

2 18 

22-474 

22-474 

0-1315 

7 6C4 

C-95 

22-435 

22-452 

0-2759 

1 

1 

3-t)50 ! 

6-14 

22-417 

22-417 


l.ayy 2. ('oucnilnnion rnnainiu" cnnslont. the osmotic pres- 
•iiirr n( a sohitiati dmvZ/v as the absolute temperature 

iP«Ti. 

It is remarkable that the effect of temperature on the osmotic 
pressure is also similar to the effect of temperature on the 
pressure of a j^as (diaries’ law). The following table taken from 
the woik of Morse and Trazer on sugar solution illustrates the 
validity of the law. 
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Osmotic Pressuhe and Tempeeature 



Temp-, *C 

Q S W ^ 

= O'! molat 

0“ 

1 

10* 

15“ 

20“ 

40“ 

1 1 
1 

60“ 

Osmotic Pressure, P 

2-43 

2-45 i 

2-50 1 

1 1 

2-54 

2-59 

1 2-56 ! 

1 I 

, 2-72 

(atmospheres) 





% 

1 

1 

^xioo 

1 8-90 

1 

8-81 

8-83 

8-82 

8-84 


4 


Law 3. Eqiii molecular quantities of different 
solv^l in the same volume of a solvent exert equal osmotic pres- 
sure under identical conditions of temperature. 

Since cquimolecular quamities contain an equal number o 
mo\ccu\Z' Sis law is the same as Avoj;adro's law for gases an 
mav be stated similar to AvoKadro’s law; Equal volumes of . 
Stions non-clcctrolvtcs) having the same temperatu.c and 
osmotTc pressure contain an equal nt.mber of solute molecules. 

Conversely, this means that every molecule of the dissolved 
solute, bi<r or small, exerts the same osmotic pressure at the same 
temperature. Thus, one giant molecule of say. a protein ot a 
few hundred thousand molecular weight has the sanie osmotic 
pressure as a tiny molecule of say. urea. As another i lustration, 
an one per cent solution of glucose has almost double the osmotic 
pressure of an one per cent solution of cane sugar, because one 
cram of glucose contains almost double the number of mo.eculcs 
as contained in the same weight of cane sugar. The student 
should try to clearly appreciate the above point as this is the 
basic picture of the whole range of colhgative properties ot 

solutions. 

Deviations from van’t Hoff’s Equation -These laws of 
osmotic pressure embodied in the van’l Hoff equation / =cRl. 
arc only valid for dilute solutions of non-electrolytes and marked 
deviations may occur from either of the three causes: 

(i) Ilifjh conre fit ration of »oluit 
{ii) Afi/iociation in solution 
(ill) Dissociation in solution. 

The actual deviation from the osmotic pressure equation diic 
to high concentration of the solute is, for solutes \ c 
water, in the direction of higher values than foUmvinc 

van’t Hoff's equation. This is 

table compiled from the data of Frazer and Mvrie j ' j 
cane sugai solution at JWC. Such departure from '^7* 
was fortncrlv regarded as due to the combination o 
Ld the Sdllte Orydration) and nlsu ,o mulecular assoc.a.ton of 
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Osmotic Pressitre of CoNCENxnATBD Solu 


TTONS 


Moliil 
coni'cn- 
t ration 


010 

100 

200 

3- 00 

4- 00 
500 
600 


Observed 
Osmotic jjiessure 
(atmosplieres) 


2-47 

27-22 

58-37 

95-16 

138-96 

187-3 

232-8 


Calculated 

osmotic 

pressure 


2-47 

24-72 

49-40 

74-20 

98-90 

123.60 

148-30 


Per cent 
deviation 



the solvent. This view no longer finds favour among contem- 
poiary physical clicniists and active researches arc in progress to 
find out the real cause. We shall discuss towards the close of the 
next chapter under the heading ‘abnormnlitv in solution’ about 
the last two factors mentioned above. 

^tenninarion of Molecular Weight from Osmotic Pres- 
sure Measurements — The equation PF — hr/MiKT mn k « 
nbly for .he cict?rn,inT;i„r o7 

tnVor th . K . r though 

of moicnii- ' Ircqucntly used for the determination 

utentlitu/on t-^ptTimental difficulties 

i u| n nl 1 "'^•'isuremcnt of osmotic pressure. However, for 
I noK.ular suhsuimcs such as proteins, polvmers. etc. this 

ex iinil Miit.ihle and is extensively used nowadays. For 

X.unple. the nioleeulai- weight of ha.'moglohin was first deter- 
mined hv u.snmtK pressure method and uns found to he Ofi.OOO. 
tin s.uiK- value being obtained from the blood of different 
.mtma spM n s. Some numerical examples are worked out to 
m.ikc the nu iluid of calculation clear 

Numerical Calculations. Tin- npiations to be used are : 

f^i P t KI. (ij) PV;t:mRT and (mi PV — fg/M). rj- 

I"' Inn . pMlioi, os.-tn! lion ••omcntr.-il ion k clim-tiv expressed in 
' : -lu. s.v.H,d p. iv to be nscl when the di^solVod [InUnt is 

n rnoK ; .t,,,] the thu-,1 equatum is siiitahl,. if tiic ammmt of 
'""1'- >■ ' or fo,- the cnlci.Iation of mnleeubar Mcipht. 

pAaniple I. .1 / „m. oi ur.n t^ T litre m fovml to 

I die .qualinn. /'(- = ItT, where ^ atmo..., V = 1 litre 

0 =■ 1 etn. and T ^ 288* Abs., 
we haxe. x ! x0 C02 x 28S or M = 59 1 
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Example 2. Calmlatc the oSf>wtic prv^sure of a thcynoTmal (A 'JO) 
solution of cane sugar at O^C. 

Using the equation /^ = cllT, where r = 0-l and T=273“ Abs. we have 
/» = - 1 x 0821x273 = 2-24 atmos = 2-24x76 cm. of mercury. 

moftculor weight of ghjarme {n.ol. wt. of glucose IS 

U.ing the cquaUc, /'V^./M) HT, «•= have, for .he h'b- n,,e so lu - 
P =(10-2/M)xRT and for the glucose soluUon. I ,X I U 
XUT Since the two solutions are isotonic, t t - i i 

or '^X.iT=, 80 'x-^ixRl-o,M = f.l-8. 

^ - I n-' uer cent of soh.Hon ot r.llulose octole .« acetone 

Example 4. A . ^ at 

CahuLe the mohcular weight of the cllulose or., ate. 

Osmotic pressure = 231 m.in. of acetone 

= 2-31 xO-80/ 13-6 cm. of Hg. 

= 0-136 = 0 136/70 atmos. 

■ Applyinf; the familiar equation P\' = 

yUT 0 -2x0082 x 300 
M = TTv** (0-136/76) xO-1 


E.XERCISES 

pressure. 

1 Kxidain what is meant hv (a) OMnosis; (/') osmotic pressure; 
(r) isolonir lul, .lions : «/) plasinolysis an.l (< | Sr.n.|.c.mr.,hh. ,.n..„hra.K- 

2 Dcsc-iiho an exncrin.ontal .nrlhoj (or Iho “I™, I/ 

=r“i^r Ta '■ sLn,;'hn o hf= 

%rts>,.^!;-o;"L.:^hnn;',hn .nr 

\vhich of l.,c.o molhorls won... yo.. r.np.oy for 

molecular weight of (a) cane sugar and (b) acetone . 

5. Sfafo the laws of oinrofic 

2 per cent, solution of acetone m water is 590 itn. . 

Wliut is the molecular weight of acetone. . ,,f 

■n,„ osmofic prenro of a suh.fion of OIM ‘"iT. 
water wa* 66 cm. of mercury at 30“( . t alculatc tl.e mot. sM- ^^2^] 

A solution containing 312 7hc 

pressure of 1-27 atmoRpheics at 25 C. l.alcut.ut 

the Kubslonce. iho rva- 

6. Calculate the gas constant R m in 1 litre of water 

lion tliat a solution containing 342 gnis. 2n*C^ 10-086J 

ilas an osmotic pressure of 2-522 atmosphere at 20 C. 
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7. At 10® C, the osmotic pressure of an aqueous solution of urea is 

600 mm, of mercury. The solution is diiuteu and the temperature is 
raised to 26'8^C, when the osmotic pressure is found to be 105*3 mm, 
Determine the e^ctent of dilution. [1 : 5 j 

8. At 24® C, the osmotic pressure of a cane sugar solution is 25*1 
atmospheres. What is the concentration of the solution in mols. per litre? 

[1*029 mol. /litre] 

9. Calculate the osmotic pressure of a 5 per cent cane sugar solution 

], wt. -342) and “ .... . 

strength of urea (mol 


(mol, wt. -342) and a 5 per cent grape sugar solution at 27®C. What 

. wt. —60) solution is isotonic with this solution? 


16-834 ; 3-696 atm. ; 0-877%] 

10. 01 gm. of a volatile liquid occupies a volume of 4 litres when 

vaporised at 100®C and 700 m.u). pressure. What would be the osmotic 
pressure of a 2 per cent solution of this substance? (736-8 cm.] 

11. What is tlic osmotic pressure of human blood a^s it is known to 

be isotonic with Q-g per cent common salt solution? Assume common salt 
to have an osmotic pressure twice the theoretical value. [7-82 atmos.] 

7.-1 f’®*’ ^"^solution of albumen gives as osmotic pressure of 

o il cm of water at 27*C. f'alcalatc the molecular weiglit. (68,SOO] 

13. A solution of alcohol in water has an osmotic pressure of, say. 
& almospheros. Is this osmotic pressure due to the alcohol or to the water? 
rtas this solution two different osmotic pressures, one due to the alcohol 
and another due to the water? Discuss fully. 

14. Suppose wo have two samples of glucose, one, the ordinary 
glucose and another, the C‘* — glucose (i.c. all carbon alums are co'sti- 
tulcd of (ho C** isotope of carbon). Will both the 5am pics give the same 
osmotic pressure for a one per cent ..olution at 0*C? riscus.s imantita- 
lively, [about 7% higher P for ordinary glucose.] 

15. A molten magnesium silver alloy containing lO'u bv w't. of 

silver, starts solidilicalion when allowed to' cool at 636*r with separation 
of pmo magnesium, which latter in the pure state melti at 649'C. Cal- 
ciilato the hc‘at of ftrsion of maguosiimi. [2240 cals.] 

16. A freezing ^ohition of Migar contains solid ice in oqnilibriiim with 

a ditioite ennrentration of soiution. A saturated solution of sugar 

emurnns Nihd Mi-ar in cqiiilibriniii with a (Icfmilo concentrulious of sugar 
soluhnd. In view of flu* above formal bimilaiity are we justified to call 
the furrnor ^oluLion, a s<atur«iled soluliuii of ico in sugar? 

betteTVh.iiToVrin'all^ " T"'*’ « 

18. Wluit <liffcremvs would tlicrc be if <l»o -n n i i* 

experiment is conducted in Delhi and on (he (op of .Mt, Everest ^ 

19. Heavy water boils at J01-42‘ and its molar elevation of boiling 

point IS ten |.er cent hi-Jur than ordinary water. How docs its hitent 
heal compare with that of oriliiinry water? [9l'^^] 

20. If a solution and a .solvent be kept in a closed space separal^ 
n an an- ga,,. the .so vent passes to the solution in the form of vapour 
lint not the iion-volat.le solute Tho result of interposing a somipermeSle 
membrane as in osmosi.s is aUo exactly the same. Are we justified in 
calling the air gap a senupermcable membrane, and can we use such an 
air gap in principle to obtain .xcnirale osmotic jircssure values? 
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PHYSICAL CHEMISTRY OF DILUTE SOLUTIONS 
II. Lowering of Vapour Pressure and Related Properties 
LOWERING OF VAPOUR PRESSURE 


Raoult’s Law for Vapour Pressure Lowering— If any non- 
volatile substance (solute) is dissolved in a Uquid ^ 

found that the solution has a /o-a-er vapour p essure than ^he 

pure solvent at the same temperature. 

observed by Gay Lussac and then by Von Babo (1848) and later 
investigated by Wulner (1856). 

The extensive researches of Raonlt (1887) on aqueous ami 
non-aqueous solutions led him to a more exact ‘"■'nuilanou of 

S£>;“is^^l^ Ztir' a(zr dZ i: zc' oi 

of mols of solute to the total number of mols in solution. 

If P is the original vapour pressure of the pure solvent and 
P the vapour pressure of tlie solution, then the owcring o 
vapour pressure is P^-P and therefore^ the relative lowering 

of vapour pressure, by definition, is - If the solution 

contains « mols of solute dissolved in N mols of solvent, then the 


mol-fraction of the solution, by definition, is 
So, according to Raoult’s law. 


P,.-l" 


(l)-XIIl 

~p„ “N+n 

V - 

where - is mol-fraction of the solute. 

For dilute solutions. « can be neglected in comparison with N. 

A A * 1 ^ t ^ 


and so Raoult’s law takes the form, 


^ as II (Jor wty dilutt^ solution) 

Pq N 


(2i-Xni 


Tlris law of Raoult holds true only for JiluU- -"'“'i™'* 
elearolytes and is somctin.cs held as dre cnter.on of a p-rket 

solution. . . . 

Alternative Statement of Raoult’s t of 

easily modified in the following way. Subtracting both sides of 

equation (1) from unity, wc get on simplification. 
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Graphical Representation of Raoult’s Law, It is \er^ simple 
and easy to crasp the implications of Raouli s law graphical y. 
Iccordh^ to^cqn*: ( 2 ), if P. the P----^-pour prcs-re o he 

origin and.cnth on the -rapou^ “ '1 h^ ^r^uirttent; of 

and is that the vapour pressure of any soluti > ‘ 1;;,^. 

the mohfraction of the solvent should fall on this sii.u^lu 

Thf-oketical Deduction of Raoult’s Law— T i.e eni.alioii of UaouU 
can be easily flccluced theoretically by a met hod first used by Arrlu inus. 
Suppose we liave an arranyeiiienl as shown in the dia- - *- 

LTam (Fin. 68), where a tail-tube fitted at the bottom 
with a semipenneable membrane is filled with a solu- 
tion ami is allowed to sta.ul until equilibrium duo to 
osmotie rise is attained. Let the 1 kij:IiI of the solution 
above tlio wat'^r-lcvcl outside due to osmotic rise, be /i. 

Let « be tlic mean density of the vapour and 0 , the 
densitv of the solution, which lor a dilute solution 
is practicallv equal to that of the solvent Lot p he 
the pre.ssure of the vapour over the solution in tho 
tube and />„, the pressure of the vapour over be 
surface of the pure solvent. This (hfferenee m the 
pressure is due to the difference of level /i. between 
the surfaces of the .solution and the solvent re.spc« - 
lively, and is equal 10 the weight of a eohiinn of 
vapour of height, A and average density « actinc 
over unit irosb-seclion. So, we have, />„- > 

Rut there is another efiuilihrium co-cxistin}i in 
tho .svhteni; tho weight of the column of liquid 
inside' the tube is balanced by the osmotic pressure. 

/» due to the solution 1 .'-. P = «P{/ ("1- 

Dividing eqn. (i) by cqii. (ii) we have, 

/’ P 

Since the vapour obeys jjas iaw we have 
f/ . ... ■> 



Fit;. 68 — 
Do<lurlion fif 
Uaoult s Law 


^ . 1{T or vol 

Suhslitutinn tliis value of s, wc Rct 


= It (density) 


(4a)Xin 


(fstiiot ir 

Viin't 


}>> p III' 

Hoff's equation 

/> = rRT = («/V) RT. 

PuUiiiK this value of l> m Uio picvious equation, 

- ... (4b)Nni 

-ir'pV pV/M. , N 

pV-mas. f >'V,C hf i. a!:;..... ,1. Va.A llulf, 

(aq.'“''^X^I^a.. l,:“.aany acauceJ f.OM. aqn. (^a). 
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Experimental Determination of Lowering of Vapoor Pressure. 

— Since clie lowering of vapour pressure is very small and since 
wc are interested in the difference, Po-P, the method has to be 
very sensitive and preferably of the differential type, i.e. 
measuring the difference directly. The methods in more common 
use arc — 




Fij,'. 71— Gas Saturation 


rious bccorm- of c.jual va,..,ur [.rcs.ure i.r. of c.jual molar concentration, 
ri..- vapour procures of liu* solutions of the new solute in equilibrium with 
liio fonmr uro lluis rafily i»btaiikH?. 

(iii) The gas saturation mcthoil which is a ‘dynamic method’ in contrast 

witli ihc previous two which are 'static methods’ Is shown in principle 
III l-ii:. <1. i r 
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A slow stream of dry air is passed tlirough a series of wash 
A (one shown in fig.) containing the solution, the air 

up lo a pressure p, the saturation pressure of the solution i he a. n 
bottles lose weight which is proportional to tho vapour pressure of I 

solution, p. , „ 

;r“:all;S!“^TuLtr.r ?„ "we^i,t this s,.u:„. ot wash hoU.os 

is proportional to p^ — V- r tt . i = 

Tin, saturated air now nasses llirough another system of U-tub.-S 

contamins fused CaCh, to L V. 

P.-P Loss in wt. of n ljO>s ”1 wU of ^ _ 

— p— = in wt. of C Combinod Loss m wt. ot A & t5. 

oV' 

equati^K^^cui^r Weight from Vapour Pressure Lowering— Let 
sms ot solute of molecular weigUt m be dissolved in W gins 
of solvent of molecular wciglu, M„. So, number of 
solute, n = glm and number of mols of solvent. N—\\ /Mo- 
Substituting in the Raoult’s law equation for dilute solution. 

we liave, 

... (.>)-xiii 


Po-P_ « _ sh^__,^‘}Lo 


N “VV/M„“\V;u. 

# ^ 

So, if the relative lowering of vapour pressure is known for 
a solution containing a known weight of tlie solute in a given 
weiclu of the solvent, the molecular weight of the solute m can 
he easily calculated from the above et|uatiou. This method ol 
molecular weigln determination is of rather limited use due to the 
experimental diniculty involved in the measurement. 

The following table illustrates the molecular weight dcuT- 
mination of napthalcne (mol. wt. - 128) using benzene as tlic 
solvent by this method. 


Grams 

Napthulono 

Grams 

Hen/one 

Mols. 

Beuzono 

0-0000 

25-63 

, 0'340 

0-7913 

» • 

,, ! 

1-3141 

» » 

» » 

1-8411 

» t 

» V 

2-3446 

tp 

tf 

3-3453 


• 1 


Vapour pres 
Riiro Ml ni.m. 


639 06 
eiO'T 
621-6 
614-5 
607-4 
594-3 


Mol. wt 


131-3 

131-7 

131-3 

129-2 

128-5 


Tlio aluduiit should not« careliiUy troin uu- ueri>.n.u.i ^ • • • 

previous section that M in the above e<iuati<)n is not the , 

of tho li<nji(l solvent ljuL its inoIofiiLir weight in tho vMporons •. 

equilibrium »ilh the uolutiou. Su, even highly ™ 

water, acetic acid, etc., might bo employed iii sucli deterininatious since 
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Ibeir %apours are generally only too little associated to alTect the result 
perce()tiblj\ 


th 


mm. of 
gmn. of fther. 


Example 5. At thr vapour pressure of ether iff 

:nuirp, II hrn tJ'I of a sul/K^tanre art diff^iolved iu Stf nmn 
t/,e rajM>ur jjrmTc falls to ^lo mm. What is the iiwlerular ueujht of this 
SHhHtann .^ [mol. wt. of ether -74). 

Substituting those values in Baonit's law, 

i> ^ „ 

--2 “.we have 


We have, 
P^=442 nun. 
P“410 mm, 
6*1 

n 5= -o. ^ Z±. 
m m 

N = W W 

il ^74 


i\ N 


4 42-410 61x74 

442 


mxW '» = 124-4 


If the more exact ccjuaiion, 
is used, we get in ^115*4. 


P.-P N+;i 


n 


ELEVATION OF BOILING POINT {IChullioscopy) 

Theoretical — Since the vapour pres^surc uf a .solution is lower than 
that of tlic pure solvent, it follows that a Jolution will boil at a temperature 
hii'hcr Miau tlie boiling point of the pure solvent. 

This point is more clearly brought 
forth by the vapour pressure 
diagram of the solution and the 
solvent (Fig. 72). The curves Aii 
and DF represent the variation of 
tlio vapour pressure of the piux* 
solvent ami the solution resper- 
lively with tem|)eratiire ; 1)F ninj* 
lo\Nor than Ali, in accordance with 
I lie fact that at any temperature, 
the va|>our presbure of the solution 
IS less tlian (hat of the solvent. 
Now by delinition. boiling point is 
\ hat temperature at which the 
vapour pressure of a liijuid is equal 
to the external pressure, Let tlic 
external pressure be P^: then fix>m 
(he figure, and T are the boiling 
points of the solvent and the solu- 
tion respectively, It is plainly scon fiom the figure tliat 'l\ is less than T. 
»So. a scdiiliori IhmK at :i tein|>eralnro flivilicr than tliat tif the pure solvent 
ami this tnel can l»c utilised fc»r the determination of molecular weiglits of 
solutes. 



I 72— I'l incipic uf 
15. P. cicvulioii. 


Raoult's Law for Ihc Elevation of Boiling Point— The first 

i \|u. rinu iit;i! inwsiigaii^pn'i were made hv Hlagdcn (17S8) and 
otlu rs, lu)f later ivm aichi.s l)v Kaouli (IHTli and Beckmann (1889) 
have prochuid a large anmuni cxpcrinunral data which mav 
he <inhodicd in the lollowinij; two laws i;ciHTallv tailed Raoiilt^s 
law . 


1-aw L 

/lor/Zonc// to 
'/ont r. /.r. 


Tht i U\aliuu „f hoUhia of ,i sol, (lion is pro- 

Ihr concent, -nl, on (inolalily) of the dissolved sub- 


at a C„, or at Kt.Cm ... (6)-XIII 

Law 2. Etfnimolccnhir (imounts of different substances dh- 
sohrd in Ihc same quantity of a pariicular solvent raise the hoil- 
inff point to the same extent. 
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Like all other laws discussed in this chapter these laws are 
only valid for dilute solutions of non-clectrolyies. 

Eouation for Boiling Point Elevation- li is now necessary to 
forn^ate Raoulfs law algebraically Let us 

“r a ::r’s 

. X llXk) moles of solute i.e. the concentration. C„. - ^ ^ 

H Tht elevation of boiling point be AT «e bave aceot.bng to 
Raouli’s law.AT-Kj«<^’m 

• aT-K/' - ■ 

•• 6xM 

.vbere t, = g.- of .tlute, '' = Sn;s st^vent, .ul^ 
coM-v/««<> or chullioscopxc coxislmit. 

Molecular Boiling Point Constant junf'/i- 

cance of Kt is easily denvet ly I nwlal eU-o- 

lOOlJ) in ■J'Kr.’s'' te i^crettve hi bo, hug pohU o/ „ 

‘Ze::l. -/.-le ,s iUssoM per ICOO gn. o/ 

the K, e.n l,c. ...Kul.t,.,! llu.„.etu.all> fn.m 

the tliennoflvnamicalW <k*dme«l equation (P. 200). 

^ ^owr^ ... ... • • 

o7 tit 

1 I - . -- J c 


Solvent 


Water 
(’hloioform 
Benzene 
Ktliyl alcohol 


Hoiiifiir 

Point 




Kl> 

'h , 

{riilruftil' il t 


0 515 


5-83 


i 2-61 


} 119 


K- lo'loW- 


Experimental Uetennmanun j] 

Bcckm^’s Method - The experiment is beset «ltl. 

inc dilTiculties: — 

(a) Since tbe rise in lioiling point is very small, ’'’r’'"'";. 
meter used sboiild be semilwe enough to read a sm.ill fr.ietum 

a decree, . -im • 

{b) The liquid docs not come rapidly m equilibrium 
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witli the vapour and so, there* is considerable superheating unless 
sufficient precautions are taken to check il. 

Besides, the chance of superheating is 
much greater for the solution since to 
measure its boiling point the thermometer 
is to be put inside die solution and not in 
the vapour, though usually the boiling 
point of anv liquid is determined by 
placing the thermometer in the vapour of 
the liquid. The vapour coming out from 
the boiling solution is that of die pure 
solvent and hence, the temperature record- 
ed on the thermometer if placed in the 
vapour, would be the condensing tempera- 
ture of the vajiour i.c. the boiling point of 
the ptire solvent. 

Description of the app<!ratus — Since the 
original form of tiie Beckmann apparatus 
is practically obsolete, a modern improved 
form of the same will be described. The 
main dillercnce with the original apparatus 
is the employment of electric current 
instead of gas burners for licaiing ; this is 
more cunvcnicntlv controlled and lessens 
the possibility of superheating. The 
appar.itijs is shown diagrammatically in 
I'ig. 7.’.. This simplv consists of two test 
tubes, one inside the other, l-oih fined with 
relliix comlensers to prevent the escape of 
\ap<iur. rile iniH !- iiilie. wbiib is the jiroper boiling tube, is 
(iit'-d will) a Biii.ttiaim thermometer and is provided with an 

eleilliial Iie.'ilill'' element, .A. 

* ■ 

F.\luriniciil In <anving »)ui an experiment the inner test 
rube iv filh-d uidi a measure<l volume of the jmre licpiid sufficient 
to t!>\er the ilunntimeter hulh. .\ few small beads of platinum 
"r e'l.''-. .ite piaied in ilie licpiul lr> facilitate the formation of 
baMilc', 'I'he outer jacket is filled with some of the pure solvent 
iiiih i> kept hriskiv boilite.:. .A small current is sent ibrouch 
tile beating mil. so adjusted as to keep the lieptid just smoothly 
i)t)iling. W'lien everything IxHomes steady, the' thermometer, 
uliiili is (iiiaitlv giaduated to one-bmidredth of a degree, is 
read. 'I'lie apparatus i> .allowed to cool slightly, and a weighed 
iptantitv of tlie soliiii- i-. then introduced through the side tube, 
anil when it has eomplitelv dissolve'!, the boiling point is 
reck terrnined liv the same method. The difference between the 
two re.ulings on the thermomjicr gives the elevation of the 
lioiling |»oint f.^T*. A further cpiantitv of the solute may again 
be inirodnced and a second readimj tnav he obtained in the 



same wav. 
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Cottrell’s Apparatus— Beckmann’s apparatus and a number 
of others similarly devised, suffered from serious defects lor 
which boiling point methods could neither yield accurate result 
nor they became popular. The main defects of all such appara- 
tus are that they cannot overcome superheating satisfactorily 
and secondly, owing to the increased hydrostatic pressure due 
to the thermometer bulb being immersed inside the Lquid the 
temperature indicated by the thermometer bulb may i>c even 
as much as O'l^C above the true boiling point at atmospheric 

pressure. 

The ingenious and novel l>oiling-point apparatus devised by 
Cottrell is probably the most satisfactory unit tor this purpose and 
since the apparatus was devised and perfected, boiling point 
method is being increasingly used for molecular weight determins- 
tion due to its many inherent advantages, viz. — choice of a wider 
range of solvents, freedom from the mcssincss of freezing inixture. 
easier manipulation, higher solubility and ease of solution, etc. 
One disadvantage, however, is that boiling point is sensitive to 
slight diangcs of presure and hence it should be made sure that 
during the experiment the barometer reading 
docs not change. 'This method is nowadays ex- 
tensively used particularly in America. 

The apparatus of Cottrell is shown in sketch 
in Fig. 74. Cottrell places the bulb of the 
thermometer in the gas phase above the solvent 
and employs a special ‘pumping device’. P whiJi 
continually pumps the liquid up in such a way 
as to keep the bulb always co%'erccl with a thin 
film of liquid. This ‘pumping’ device is a credit- 
able development by Cottrell and is simply an in- 
verted funnel branching at the top into three 
channels which just end on the ibcrmomctcr 
bulb. As soon as beating is started w th a 
micro-burner, the liquid goes up through P due 
to convection and the bubbles of gas formed 
discharge on the bulb and flows down. The 
temperature goes up and ultimately remains 
steady at the boiling point. A weighed amovnt 
of ftolutc is introduced through the s:dc tube 
and the reading repeated, the difference of the 
two readings giving the elevation of boilin : 
point. The thermometer and the ‘pumping’ 
device are surrounded by a tube. S whi h pro- 
tects them from coming in contact with the 
cool liquid flowing down from the condenser. 

Beckmann Thermometer — This thermometer 
bv Beckmann for measuring small difference of temfnrotnrc at 
different points of the temperature scale, and so it is eal'e l a 
differential thermometer. The outline of the thermometer ts 

13 



Fi-, 74— 
< t rdll*s 
Apji'i nit ns 


wns 


di si -ned 
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shown in Fig. 75. It consists of a large bulb connected to a very 
fine capillary tube, with a reservoir of mercury at the top. The 
long stem of the thermometer is divided into only 5 or 6 
degrees and each degree is graduated into 100 divisions. To 
use this for the determination of boiling point elevation, a 
quantilv of mercury is made to overflow in the reservoir at the 
top and to be detached from the mercury thread, so that when 
the tluTmometer registers the boiling point of the solvent, 

the mercury column appears somewhere lower down 
on the stale. This is necessary to keep the mercury 
column on the scale when measuring the boiling 
point of the solution and this operation of adjusting 
the amount of mercury in the thermometer for each 
litjuid is known as "sctliug the Beckmann thermo- 
meter.*^ 

Molecular Weight from B. P. Elevarion— By 
measuring the lx)iling point elevation of a solution of 
known concentration, all quantities in the equation, 

(9)-XIII 



'n\ 


r-6 


.. «xK«*0 
AT=K6- — . , 
o X M 


are known except M, the molecular weight of the 
solute; so, M tan be caltiilaicd out. The constant 
Ki, ior anv liquid is known either by experimenting 
with a substance of known molecular weight, or can 
be (.akulated theoretically as already pointed out. 

Numerical Examples 

Example 6* H*rhnuinu that rOtiS tjms. of iodine 

Ui of ^thr ramd itA boiling jxnnt bjj 

' Thv molecular elevation constant for ether w 

. /;W. ('al<ufatf the moleculur ircight of iodine. 

Heiv 0 296; ff= 1*065: 30*14 : Kj^=2*ll. 

Insnhag llicso vahie.s m Iho cqm A ^ ^ 

\\\' 0-2'J6-211 or, M-251 

o014xM 


4 » 


!a*»l. wL of iotlihc in ctiu'r is 251 . 


J'.orkin.iriii 

Tfii'iiiu* 

nu-tcr. 


EMiinplc 7. .1 ■•^"hitiun roiifnininij 0‘50i2 gms. of a 

■ ul.sfnm. .tiysofn,! ni „f benzene. boil$ at 

•sfr /■iii'l lit' molfvular tccvjht of the solute, 
■livn, thot hnzoif hoil-t n( SO'O^C anil its latent heat of 
, ni^i.’riiti-oi is 0'/ eal /nr ijm. 

Hoii' Kj is to be first cniculatcil out. 

•002T= _ 002 Xf553p =2-61 

94 

I Viiiii the iciuation 

\Ve luive. 0175 = 2-61 or Mol. wt., M = 179 

42 02 X M 
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DEPRESSION OF FREEZING POINT {Cryoscopy) 


Theoretical — The fact that a solution has got a vapour pressure lower 
than that of the pure solvent is sufficient to prove that its freezing point 
will also be lower than that of the pure solvent. Let us consider the 
vapour pressure curve of the solution and that of the solvent ; the latter 
would run above the former, since the solvent has a higlier vapour pressure 
at the same temperature. 

Freezing point of a substance ia defined as the temperature at which 
its solid and the liquid forms can exist side by side; in other words, it is 
the temperature at which they have the same vapour pressure ; if it is 
not so, the state with hiccher vapour pressure will completely disappear 
and will be converted into the slate of lower vapour pressure, and 
an equilibrium between solid and liquid 
becomes impossible. Therefore, the freez- 
ing point may be defined as the tempera- 
ture at whicii the vapour pressure curve 
of the liquid meets the vapour pressure 
curve of the solid. 

Evidently, the point O (fig. 76) is 
the freezing point of the pure solvent 
as it is the point where the vapour 
prc.ssure curve, 130 of the solid solvent 
intersects the vajiour pressure curve, OA 
of the liquid solvent. Similarly, the 
point, B corresponds to the freezing iioint 
of the solution, as it is the point where 
the vapour pressure curve, DC of the 
solution meets the vapour pressure curve. 

OB of the solid solvent. Clearly the 
temp. T (corresponding to the pointT, B) 
is lower than the temp. T„ (corresponding 
to the point, O), proving that the solution freezes at a temperalure lower 
than that of the pure solvent. 



Temperature 

Fig. 76 — Lowering of 
Freezing Point 


Raoult*s Laws on Freezing Point Depression — Blagdcn (1788) 
was tiic Hrst to carry out experiments in this field and he csiali- 
lishcd a rough proportionality between the depression of freezing 
point and concentration. Raoult (1882-1884) carried out liis wtirk 
with extreme thoroughness and established all the now well-known 
facts concerning this phenomenon, which may be embodied in the 
following two laws, which are known a Raoult’s law for Ireczing 
point depression. 

Law 1. The depression of the freezing point for the some 
solution is proportional to the concentration of the dissolved stth- 
stance (AT’ « c). 


Law 2. Equimolecular quantities of different solutes dissolved 
in the same quantity of a particular solvent, depress the /rt’czmg 
point to the same extent. 

These laws, are only valid for dilute solutions of nonelectro- 
lytes and marked deviations may arise due to association, tlis- 
sociation or high concentration of the solute. Another basic 
condition for the validity of these cryoscopic laws is tliat only 
the pure solvent will separate during freezing which will not be 
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contaminated with the solute as a solid solution. In case 
latter happens, there might be even a rise of freezing point 
instead of a lowering. 

Equation for Freezing Point Depression — Since these laws are 
identically the same as those of tlie boiling point elevation, the 
equation is also the same. If the depression of freezing point 
be at, for a solution of concentration, Cm we have, 

AT cc Cm or, AT = ^/Cm (lOfl)-XIII 

where K/ is a constant called molar depression of freezing point 
or cryoscopic constant. It is customary to express the concentra- 
tion, Cm in the above equation as die number of moles of solute 
dissolved in 1000 gms of the solvent {i.e. molality). If there 
arc present ‘a' gms of solute of molecular weight, M dissolved 
in ‘6’ gms of solvent, die number of mols of solute is a/M and 
so, the number of mols of solute dissolved per 1000 gms of the 

solvent i.e. molal concentration, Cm is — : — rr- • Subsdiuting 


bxM 


this value of c„, in the above equation, we have. 


„ ..axim 
AT=K/ 


(lohj-xin 


fcxM ■■■ 

where rf = gms of solute, l;=gnis of solvent M = mol. wt. of solute 
and K/ = molar F. P. constant. 

It h.is Leon thornKxIyniimic.illy proved (P. 200) that the V.P. constant, 
for any .solvent can 'ho tljeoretivally calculated from the latent heat ot 

fii ion jur / anri the freezing point of tho solvent, T (in absolute 

l,v t!;f f'lllovvijij; fovnnila — 

K, (ii)-xiii 

The values of Kf for some of the commoner solvents are given 
in the following table. It is to be noted that these values arc 
iliftVieni from the molar elevation of boiling point Kt, and 
usuallv are of the onler of unity (f-C. 1 to lU). 

Mm \R Uia'KKssioN' of F. P. {per 1000 gms. of solvent) 


St)!\ 1*11? 

M. P. 

Watur i 

1 

1 

O'C 

lU'uzi.nc 1 

5’ 

Atdic Acsd i 

17* 

Pljonol ' 


Formic Arid i 

8* 

Camplior 

4 

178° 


{obi^erved) 

' Ky (calculated) 

1 _ 

1'85 

1 

1-86 

5-12 

5-07 

3-9 

3-82 

5-3 

505 

2-8 

1 

1 

1 

400 

1 

i 


Experimental Determination of the Depression of Freezing 
Point : Beckmann’s Method.— A very simple form of apparatus 
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designed by Beckmann, is svidcly used for the determination of 
the freezing point depression, as it affords 
a considerable degree of accuracy (Fig. <7). 

It consists essentially of a test tube provi- 
ded with a side tube for the introduction 
of the solid and fitted with a rubber cork 
through which passes a stirrei and a Beck- 
■nuinn’s Thermometer (for details of the 
thermometer, see P. 194). The whole is 
suspended in another larj^e test tube wide 
enough to provide suflicicnt air space 
between them, and the latter in its turn is 
suspended in a large beaker. 

To carry out a determination, the 
freezing tube is filled witli a definite weight 
of the ‘liquid (solvent), sufficient to dip the 
thermometer bulb. The outer beaker is 
filled with a freezing mixture whose tem- 
perature is slightly (about 5 C) below the 
freezing point of the pure solvent. The 
space between the two test tubes serves as 
an air mantle, preventing direct heat con- 
duction and consequent supercooling. The 
ejuantity of mercury in the thermometer 
is adjusted beforehand so as to get the 
F. P. of the pure solvent somewhere 
tow’ards the upper part of the scale Fip. 77— Ueckmaim s 
(this is called setting the thermometer ; 1^- Apparatue 

sec P. 194). 

The temperature gradually falls until the liquid supercools 
slightly below the true freezing point, when vigorous stirring is 
made to start solidification. As solidification starts rhe mercury 
column shoots up and then remains steady on the thermometcT 
which is read. Now a weiglied quantity of the solute in the form 
of a pill is introduced in the test tube through the side tube and 
allowed to dissolve in the liquid. The test tube is then placed 
back in its former position after wiping off any dew wliich may 
have deposited. The freezing point of the solution is now deter- 
mined in the same way, avoiding supercooling as much as possible. 
The difference in the two readings gives the depression of the 
freezing point (AT)* 

The freezing point method gives very reliable result, is easy 
to manipulate experimentally and requires no complicated an<l 
costly apparatus. So. it has become the most widely used of all 
methods of determination of molecular weight. 

The method has been recently improved upon by Acl ims 
and later workers, so much so, tliai it has become a pre; isiqn 
measurement. In principle, the improved method consists in 
bringing ice in very intimate contact with an aqueous solution 
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contsincd in a Dewar flask and in measuring the temperature 
difference between the mixture and pure ice kept in another 
Dew’ar flask, with die help of a thermocouple. 

Rast’s Camphor Method— Rast (1922) has developed a 
simple and elegant method of molecular weight determination, 
which is merely a modification of the freezing point method, such 
tliai an ordinary thermometer may be used in place of the very 
expensive Beckmann thermometer. This has been made possible 
by the discovery of a number of compounds, whose molar 
depressions are unusually high {vide following Table). The table 
shows that one mole of any compound dissolved in 1000 gms of 
camphor, the more usual solvent by this method due to its 
extensive solvent power, depresses the F. P. by 40*C. Thus, to 
determine the molecular weight of sav, urea by this method, if 
we make a 2% solution of it in camphor, the depression of F. P. 
will^ be 13’3 C. a range easily measurable with accuracy with an 
ordinary thermometer. 


“Solvents” for Rast’s Method 


Solvent 

1 .Molting point 

1 

Molar Depression 

Water 

1 ' 

o*c 

1-86 

Caninhftr 

178*C , 

400 

camphor qumoiie 

199* G 

; 45-7 

nomool 

204’G 

35-8 

Ilexachlorcthanp 

187*0 1 

47-7 

r .amphenp 

49*C 

31T 

Telrahromtnothaiio 

93* C 

86-7 


II IS 


All these "snlvcnts" arc solids at ordinary temperature and so. 
- •• only necessary to determine separately 'the melting point of 
the pure (ompound (camphor) and that ' of a mixture of the 
unkmivjn substance wuli the compound by the usual capillary 
uuihod. A mixture containing known weights of the unknown 
-omp(,„nd and say. camphor as solvent, is melted together to 
lorm a homogeneous solution. The mixture is cooled and a 
small ((lumtity is introduced inside a capillary which is then 
sealed. The capillary is heated on a sulphuric acid bath and the 
temperature (read on a thermometer graduated to one-tenth of 
a degree) at which the solid melts to a clear liquid is noted, 
hmnl.irly the melting point of the pure solid (camphor) is deter- 
mined and byappheanon of the usual equation for F. P. depression 
the molecular weight is calculated. 


This method is advantageous over the other methods in 

recjiiirmg a verv small quantity of the substance, but the funda- 

menml conditions of crvo.sconv must be fulfilled: the solute 

<=hoiild he perfectly soluble in the solvent, and thev should not 

# 
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be isoraorphous so that the pure solvent may separate during 
freezin®'. If the substance does not dissolve well in camphor, the 
hydrocarbon camphenc or the otlier solvents shown in the table 
may sometimes be profitably used. 

E.'CAMPLK 8. 10'4 riuj. of a gub^tance adiled to Oo <jmg of rninphor 

(M. P. : ~178^C) melts (it lOO-l’C ■, calculat-i its mtdrciilor ireiV/At. 

Here, ^T = 178-169-7=8-3“C 

<1X1000 40x0-0104x1000 

= 8-3X0-50 ■ 

Molecular Weight from F. P. Depression— The freezing 
point depression of a .solution is utilised for the calculation of the 
molecular weight of the solute. If a known weight of the solute 
is dissolved in a definite quantity of a solvent and the depression 
of F. P. is measured, then all the quantities in the equation. 


^«xl000 


(lO)-XIlI 


are known except M, and so the molecular weight M of the 
solute can be calculated from the above equation. K/‘ is. ot 
course, known cither by experiment with a solute of known 
molecular weight or from the theoretically dc^duced ecpiation, 


^ 0-002T“ 

K/= — 


where T = F.P. in absolute stale 


and / = latent heat of fusion per gm. 


f/.B, It should be pointed out that all authors do 
same convention as to the values of and Soino 

reference to 100 gms of solvent, whoveas some others define 
to 1 gram of tho eolvent, i.c. 


at=k 


ax 100 
6xM 


«xl 

and ^ 


respectively. 


not follow the 
define it with 

it with relation 


Of course^ the vaIuo of K then becomes respectively 10 times aiul 1000 
timea greater than our values, i.r. for water becomes 185 and liiSO 

respectively. 


F. P. Depression by Isotopes— The (jucstion arises what 
hap|>ens to the F. P. (or li. P.) of say, ordinary water if a little 
'heavy water', D^O is addetl to it. The answer is that there 
will be no F. P. depression, our foregoing etjuations being not 
applicable here. The reason for their non-applicabilitv is that 
the icc which would now separate would contain the added solute 
(‘heavy water’) in the same proportion as in the li<|uid water with 
which it is now in equilibrium. In fact, the new water mixture 
would behave as a pure liquid with respect to almost all physical 
and chemical properties. 

ExAMi'LB 6. A sample of pure, ■prismatic, sulphur mdlfd ini/ioll;/ 
but in course of a few vun. the meltimj point frit to 
When the sulphur had comjdeteli/ melted at this temp, the lir/uid sulphur 
was plunged into iced water-, .TO per cent of the rrsultunt soHil sulphur 
was then found to be insoluble, in CS,. Derive the molecular formula of 
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that type of sulphur ivhich is insoluble in C'5,. The latent heat of fusion 
for sulphur is 9 cals, per yin. 

For liquid sulphur, the molar depression, is given by 

•C02T* 002 X (592-25)= 

K^ = — — = g = 3418“C 

Let us call the allolropc of sulphur, which is insoluble in CS,, 

In the above experiment this 8,^^ is formed and depresses the freezing 
point of liquid sulphur* 

Given, a=3-6j 6 = 100-3-5=95-4; ^T=119-25— 114-3=4-95. 


Inserting in the equation, = 

^ ' ixM 

we have, 4-95=34-1flv 5-6x1000 

96-4 xM 

or, Mol. wt. of S.«, JU258. 

This corresponds to a mol. formula, S, (appro.x.). 

Thermodynamic Derivation of the F. P. Depression ( or the 
B. P. cle^aricn) Equat.on —The underlying plivsical concepi is 
very simple and has been already discussed on P. 190 and 195 
rcs|)cctivcly. Taking the case of uaier. for definiteness, water at 
0 C has tlie same vapour pressure as ice at O'C. and so the two 
are m cqmhbnum at O'C. A .solttrion. however, has n vapour 
pressure lower than that of the solvent at the same temperature 
and so tee would not at O'C be in equilibrium with a solution. 
Ihcy will have equal vapour pressures at a lower temperature, 

say. , i\heie they will now be in equilibrium and this lower 
tempi: Ttmv is the new F. P. 

I.tt. 7 , 111 ,! 1^^. be the h. P, of the .solution and the solvent 

respciioclv I.--, Flic line OB repre.^ents the change of 

japoui of itc with temperature and so assuming OB to 

be prauu.iiiv imear over this small temperature interval, we 

tan appiv (..l.ipevron cquatmn (P. 140 (1>0).X) in the following 
simplified fiirni. ^ 

AP^ h 

A'l- 

where AT eudenilv i. the F.R depression. T„-T. and and V. 

arc the inohir loliimc i»f the vapour and the liquid respectively 

an 1 L IS tiie latent heat nf fusion per mol. Hv rearraneement 
ne i:ct 

« j 





T., (V,-V,) 
L 


Xnw. AP/Po nearly equal to the relative lowering ot 

vapour pressure and so. aicorcling to Raouh’s law is equal to X, 
the mol fraction of the solute. Putting this value of 
and neglecting V, in comparison with V.. we have 

at-xpavt,/l 
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But PV =RTo» and mol fraction, X = Cm- Mo/1000 for dilute 
solution, \vhere C„, is the molal concentration, and so wc get 

RT * 

at = Q,. 


i(K)^L/Mo 

Putting R=2 cals and /= L/Mo = latent heat per gram, we have 

0-002T„^ P 
AT= 

which is the same as equations (9) and {11). 

A similar argument applies to the case of B. R elevation 
except that / would be the latent heat of evaporation and V 

would be the molar volume of the liquid, which ^ 

of F. P. will be negligible in comparison with V,. bo, an exactly 

similar equation will be obtained. 

List of methods for Molecular Weight Dclcmilnation— So far we 

have met with various methods for the dclcrinination of molecular weiglit, 

which arc listed below for ready rererence ; 

111 Vapour Density Method :—{o) Hofmanns method. (^/) Duma? 
mtthod. (t) Itegnautfs method, {d) Victor Meyers mtlhod. 

(2) Osmotic Pressure Method : — . , ,i ; ,k\ j?nt,in 

3 Ivowcring of Vapour Pressure (a) Tmstmeter method, (b) Ilobm- 

*on a Isovicstic mtthod. (c) (Jas satujatwn method. 

{4) Elevation of Boiling Point :—(«) Utekmann a ari^ratus. (H 

^'""{ 5 r''l^^^r'ing“'’'of Freezing Point :-(o) Utekmann's onmrotus. {b) 

tension. (i) Steam distillation 
(c) sfccific Viscoaily method of Saudinger. (rf) UUracentn/uge method of 

Svedberg, etc. . 

Method 1 (el) is extensively used for vapours or easily vai»orisabl© 
substances and methods 4 {b) and (5) for substances m solution. 


abnormality in solution 

Ideal and Non-ideal Solutions— It is clear that all the laws of 
dilute solutions so far discussed would be valid provided the 
solution obeys Raoult’s law. Hence, the validity of Raoult s law 
is generally held as a criterion of the ideality of a solution. 

Now, according to RaouU’s law (equation 2) if we plot P. 
the partial pressure of the solvent against X<,. its i' 

straight line would be obtained, as shown graphically m big. 
Curve A. Actual solutions however, hardly ever follow Raoult s 
law over the whole range of concentration. It is genera y 
observed, however, that all solutions tend to obey Raoult s law 
in very dilute solutions, but the above plot. i.c. P versus 
deviates from the ideal curve of Raoult’s law at higln^r coruentra 
tions as shown by the typical curves, B and C (Fig. 
the reason why all solutions arc said to approach idea ity a 
sumcicntly high dilution. Systems which show higher than ideal 
vapour pressure (Curve B) arc said to show positive e evta ion, 
whereas lower than ideal vapour pressures constitute ve 
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Fig. 78 — Raoult's Law and 
and its Deviations 


deviation from Raoult’s law. and all such solutions are called 
non-ideal solutons. 

Evidently, positive 
deviation also implies 
lover than theoretical 
values for all coUigative 
properties. From a mole- 
cular picture, positive 
deviation is caused when 
the solvent dislikes the 
solute and tends to throw 
it olT and so. such devia- 
tions are often accom- 
panied by a negative heat 
of solution (cooling) and 
expansion on mixing. On 
the contrary negative 
deviation is caused by 
strong interaction bet- 
ween the solvent and the 
solute, and such systems often show positive heat of mixing and 
contraction on dissolution. In some cases however, the cause of 
suc h abnormal behaviour can be traced more definitely, and they 
are discussed more fullv in rlic following sections. 

(u) Association in Solution— Some systems show strong 
p(;siti\c desiation from Raoult's law owing to association in solu- 
tion. Tliis group comprises '•iihsiances like acetic acid, phenol, 
et' .. benzene soluthuis of whidi show values of osmotic pressure 
and related properties much lower than what arc to be expected 
from the loregoing e<|ualion';. Since all tlie altovc properties are 
'‘'iligativr in nature, i.c., depend on the total number of units 
in solution these abnormally small values for osmotic pressure, 
I’’ I*, depression, etc. indicate that the numlier of particles in solu- 
tion is imiili smaller than what is to lx* anticipated if the solute 
' • ' ’oketi down into single molecttles. So. this tvpe of abnormal 
dues is to he accounted for as due to the association of solute 
molecules to form aggregates of higher molecular weight. 

Moi.. wT. OK AcKTic Acid in Rkn/kni; 


J 

Mobil ('on-, ' 


1 Cali-iilatod 

1 

Dt’groc of 

of aiiJ 

of F. 1 

1 

1 Mol. Wt. 

1 

1 

Association 

OOnsSM ' 

1 

0-0156 

66-8 

1-09 

0-0149 1 

00559 1 

84-6 

1-41 

0-0967 

0263 1 

1170 

1-95 

O-OT ; 

0-600 

; 119-6 

1-99 

0-.=i09 

1-254 

1 114-5 

2-07 

I 024 

1 2410 

1 150-2 

2-17 

1-626 

, 3-644 

1 

1 133-3 

2-22 
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in benzene solution. 

There is another type of association where tire ‘‘•-■S'-*--'; 

"Sii ;ip==.i"'5 .£ n= i.= 

S is as nta? as" possible L dre'^.icai natnre to the sohne to 
minimise the chance of such deviations. 

MoL. Wt. of Ethyl Alcohol in Bknzknb 


Concenlration 

{gvi. h'/rcl 


Molecular weij^ht 
C.ilculatcd 


De)’reo of 
Association 


0-10 

0-25 

0- 50 

1 - 00 
2-00 
300 


50 

62 

92 

115 

162 

108 


1-99 

t-35 

1- 78 

2- 50 

3- 52 

4- 30 


Benzene, carbon tetrachloride, 

dissociatinfr solvents; for. in the former class compounds paru- 
cilarly thfse containing the hydroxy, ->1 ^cn ^ 

whetrer associating solvents do really exert -V 
and most probably, associated substances 
condition as complex molecules. 

(b) DUsociaHon in Solntion-Thete is 
substances, viz. the electrolytes, whose osmotic ^ ‘ 

(greater than what arc cxpectec f‘ eezin," pit 

These solutions also show an abnorma y t- .lurin'; 

depressions, lowering of vapour ^ of solution 

die earlier period of the advancement ^ ,, ,on- 

could not satisfactonlv account j,! ,hc general 

tend himself with puttinj; an /nel" assunTcs the 

fo*-*”' .. (13)-XIU 


oti 


V-t RT 


• • 
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where Poj, . is the observed osmotic pressure and i, an empirical 
multiplier introduced by Van’t Hoff and so, is called Vatt^t 
Hoff’s Factor. 

If the theoretical osmotic pressure be P theory, then 
P,k,„. V=RT or. .= ... (14)-XIII 

* th^or* 

i.e. ‘V is the ratio of the actual osmotic pressure to the theoretical 
osmotic pressure, assuming no dissociation. Since osmotic pressure 
is proportional to freezing point depression, equation (14) may also 
be written in the form, 


Van’t Hoffs factor. i= 

(ATfA^or. 


... (15}-XIII 


and this equation is more in use for determining i because of the 
comparative case of experimental determination of AT. The 
values of i for some solutions are given in the following table, 
where it may he noted that i has a value less than 2 for salts of 
the type NaCl and less than three for salts like K„(SOJ. 


Values of Van’t Hoff’s factor V 


roiifi-ntration 


0-5 
0-1 
005 
001 
0 005 


KC! 

Me; (SOJ 

K, (SO,) 

1-30 

1 034 

2-316 

1-86 

1-324 ; 

2-459 

I-B^S 1 

! 1-420 ' 

2-570 

1-943 1 

1-M8 

2-793 

1-9S3 

1-694 : 

2-857 


.Arriicriiiis puintcd out that these solutions which exhibit 
ahfmrmallv hi^li «Kinfitic prc'-.^tire, freezing point depression, etc. 
are all el( i tes and coiuluct current in solution. He pro- 
puunded that a urtain traction of these substances is reversibly 
1 lokeii doun into ions in solution, ns a result of which the total 
i.!u:ih<T of unit^- [tresent iti the solution increases. The values of 
ah lire tolligaiivc propertic.s r.g. osmotic pressure, F. P. depression, 
eii .. \'lii«.h are proportional to the total number of units present, 
ilii ■ tr.rc-, increase in such solutions. 

[?e|zrcc of Dissociation —Arrhenius not onlv postulated an 
e']i.!lilniiim between the ions and the nonionised molecules but 
:i'o proceeded to calcidate the degree of dissociation, a i.e. the 
f'a iion ioni^ccl. cif strong electrolytes. His method of calculation 
v.;b. as follows. If one molecule breaks down into two ions we 
.slnmld have (I - 7 I « -j- s 1 ht tinits in solution from cnc 
I l i^iiial unionised moleeide. xSinee osmotic pressure, P. F. P. 
depression. A*- arc jiroportional to the number of units in 
solution, wc have. 

. **I - 


t = 


I th^or* AT//„ 


= 1 + 


(15d-XIII 
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where the subscript, theor. signifies the corresponding values 
assuming no dissociation. For the general case of one mol 
dissociating into n ions, we should have 


,•= l + (n-l) 


a or » — 


i-1 

n-1 


(16)-XIU 


which is the general equation for a. Calculations 
dissociation of strong electrolytes were freely made with the help 
of the above equations during the first quarter of the present 
century, but such calculations are now of histone interest onls. 
We now know that strong electrolytes arc completely dtssoctalcd 
at all dilutions and no modern chemist would now indulge m suen 
meanindess calculations. 

Osmotic Coefficient— The cause of the osmotic properties 
bcinir less than what it should be assuming complete dissociation 
is the strong interionic attraction between oppositely charged ions 
This dcparuire of strong electrolytes from simple theorema 
behaviour is expressed nowadays by using a factor. IT- " 
osmotic coefficient, which is defined as the ratio of the obsir>c ^ 
osmotic pressure to the theoretical osmotic pressure assuming 
complete ionisation of the electrolyte. 

Van’t Hoff’s factor, i 

osmotic coefficient, g = -- - - 

where » is the number of ions formed by the dissociation of one 
molecule of the electrolyte. 

Activity coefficient —The most widely used and modern 
n.ctht of%amftat'vcly expressing rlre departure of strong elecuo- 
"vu‘ ro,n i leal solution law is the use of acnv.ty eoeffiuent A y 

behave, if r^here is no i'.s rolUga.ive 

don of Na+ ion as as it sliould. So 

properties it behaves only 80 p^ rent . hi this solution 

'the activity coeir.cient of the N.t^ anti Cl " 

isO-SO. Thus, the factor cottcentration, is 

multiplied to get the ton activity, re. ^alts e.g. 

called the aclivtly coefficient. anproximatelv 080 

KCl, H(C10.), etc. the arttvlty f„r a N/IOOO 

for a N/10 solution. ® dilutions. However, the 

solution and approach unity at extreme ai 
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value of ihe activity coefficient, y is not necessarily less than unity 
and may exceed unity at sufficiently high concentrations. 

Example 10 . — Cdfulatc the osniotic pressure oj u solution at ZT'C 
whose /’. la —U'S^VC. 


Combining equation (3) and (4j we have 

p^_p M,/> n h_o/M M. / axlOQO \ 

"P, “pRT^.N ’ N bxM / 

But the brakc-ted expression, according to equation (7) is ^T/k/ 

M.P M. A'^ aTxpRT 

or / ^ . . • 


plVV 1000 k/ 


lOOOxk. 


(17)-XIII 


This is the relation between osmotic pressure and F.P. depression 
(or B.P. elevation). Since p is in gnis/(V, ll in the above expression is 
in c.c. atniospliero ; the equation becomes (li in litre-utmos) ; 


^TpUT 0*326 x1x0 0821x300 
■|</ " ■ 1-86 


=4*32 atraos. 


( 18 }-Xni 


EXEltCISES 


Vapour PrtJSs^un: Lowerifuj 

1. Derive the rclalioubhip between tlie osmotic pressure and the 
lowering of vapour pressure of a solution. 

2. How is I tie vapour pressure of a litjuid affected by the presence 
of a nonvolatile solute? How did the study of tbir phenomenon led 
Uiuuilt to eorrelate tlie vapour pressure of a solution with the molecular 
weiglit of the dissolved substance? 

\'ri|ioiir pressure of ether at 20^C is 442 mm and that of a solution 
lif 6*0 grns of lienzoii* aeid in 50 gius, of ether 410 inni at the same 
ti nipeiMlure. Celeulnte the mol. wt. of benzoic acid in ether. [115*8 ; 124*5] 


3, rii * \apour pressure of benzene at 75^C is 639*85 mm. 

Win n 2\V»46 os » f nnpt hale lie are tlissolvcd in 26*55 of the solvent, 
the nsuliing preshure is 6074 inin. Calculate the mol. wt. of 

i.^iptlialriu . [129*1: €Xdct ifjuatiifn : — 135*6] 

4 , TIu' \ M ' iir ) rc.'vsiirc of an a 4 jiKfai,< s<dution of cane su'jnr (luol. 

wt.— 342 | is 75 ^ n:in. at lOO^C. How many gnis id the sugar are present 
pi-r KtiO go • *'i ur'. ( 100“4 gnis.j 

5, iK’r.M.i* ut.d havi' vapour pressure of P, and Pj mm 
ri ^pn lively at /lU i*. fahnilato whut ratio of weights of napthaicne are 
U) iji‘ dis.sidvtd iij i*(jua! weiglits of these solvents each, so tliat tlu* vapour 
]>rrssine,s rd tlie tuo .^idutioiis arc equal to a given value, P. How will this 
r.ilui cliango if we u e anlhraivnc in place of naptlialcne? (Assume Haoults 
law (dd. sidu.) and nun volatility of the solute). 


b. W hat t ^ 
f^r un ideal sejulion 
\<ilali!e. 


would be iiccilcd in the .‘statement of Rauult's law 
when the solvent is non volatile and the solute is 


7. A by weiuhl of cane sugar solution has a vapour pressure of 
watir equal to 23*b9 mm. o{ mercury at 25'^C. Are we jiustified to exi^ress 
tin* .same fart by Mving tint tlie solubility of water in cane sugar iiiulor a 
pn ^ urc uf 25*69 inni. at ?5 is 95 Vv by wciglit of water. Dii?cus8 fully. 

8. Pure and dry nitru^'en cas is slowly luiblfled through a solution of 
2 25 ixrus. of a t ri-veialile organic comprumd in 150 grns. of beur^sno, 
iiid then hubhlcd thnuigh pure benzene. The solutiim is found to be 
2*15-10 cms. lichler while the pure benzene suffere<l a loss in weight of 
OOUjO m ralcidati the molecular weight of the dissolved substance. 

[157*7] 
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]<', p, DtjiTeiiion and li.P. EUiation 

9 Explain clearly the principle underlying the determination of the 
molecular weight of a non-volatile solute in aqueous solution by the boil- 
ing point method. Describe the apparatus used in this method, and 
indicate the precautions to be taken to ensure accuracy in measurement. 

10 If the vapour pressure of a solution is lower than that of the 
pure solvent prove that the freezing point and boiling point of such a 
solution will be respectively lower and higher than that of the pure soUent. 

11. A 0-5 per cent, solution of hydrogen peroxide in water freeze 
at -0-272®C. Determine the formula for hydrogen peroxide. Empirical 
formula for hydrogen peroxide is HO. Free/ing point constant 'jater 

= 1-85. ^ 

12 A solution containing 0 5042 gm. of a non-yolatile solute <li^ohed 
in 4202 pn.. of Le„.one boiU at 80-38-C Find •>'« -“'-“I- ' on 
the solute given that the boiling point of benzene is 80 2 C and 
heat of evaporation is 94 calorics per gram. 

15 \ solution of 0*4 gm. of a compound, K in 200 gm2>. of acetic aci 1 

freezi at 16 4^ the pure acid freezing at 16‘5M; ; 100 grns. of the same 

! of aootic acid conta.oing 2 23 87 . X‘To Ic u, n 

freezes at 15-6"C. If tlio vapour density of A is 37. find the 

weight of B. . 

14 Write notes on Raoult’s law. A solution of 0-213 gms 
in lOO ums mercury lowered the freezing point of mercury b\ 3 384 t. 
m.rmi';,c i.,c ..um?cr of aton,, ia a „,olcc„lc of sod.a,a. (A.onuc «.c;4b 
Of sodium=23; F. P. constant of mercury =42 5). 1 

K water (100 gms.) is 18-6*C. . , r 

16 Explain what is meant by —(a) Freezing nomt constant of a 
solvent (bf Beckmann’s thermometer is a diffcrenttal ihcrmometor. 

17 Give an account of Arrhenius’ theory of thclrohjlxc 
aiidVhow^how it explains the abnormal oemotic pressure observed 

case of electrolytes. 

18. The F. P. of a blood scrum i..-0^1»C. Calculate ds osmofm^r^. 

sure in c.m. of mercury at 27 C. k/ - i oo. 

1Q Pieo a brief account of tho principal methods employed for 
dcteJ^ininr tH: m'dlla^ weight of a sEbstanco in solution and discuss 

their relative menU and limitations. ... , md 

20. What is meant by degree of rftwofioMon ^of an e 

how is it determined? What is Van t Hoff s factor . , , its 

21. Tho heat of vaporisation of ^ "jl" 'of rhlor<.- 

boiling point is eve. 3 gms. of camphor added ^ K2 _ 

form Raised the boiling point of the solvent by of 

molnr elevation of B. P. of chloroform anc [0*52; 12S‘ll 

The latent heat of fusion of water lolntion 

evaporation is 636 calorics. If the boding po • 1 rO-359®C] 

is 100T*C, what is its freezing point? ^ 

23. Tho osmotic pressure of a canesugar solution is 5 ' j 

Calculate its freezing point supposing the solution o » r _-352®C] 

heat of fusion of ice is 80 calorics. 

[For more exerciees vide P. 184, fcx. 15-20]. 


CHAPTER XIV 


HOMOGENEOUS EQUILIBRIUM 


Inuoduction : “How far” and “How fast” —In connection 
with any chemical reaction two kinds of information are of vital 
importance, viz., “how far a reaction would go” and “how fast will 
it reach the goal”. In this chapter we shall study the answer to 
the first question while the second question which belongs to the 
province of reaction kinetics will be treated in a later section 
(Part IV). 


In the early days of chemistry chemical union between atoms 
was ascribed to some kind of vaguely understood forces called 
chemical affinity, the atoms of stronger affinity being supposed to 
be able to displace from a compound the atoms of weaker affinity. 
This idea of chemical affinity or reactivity being solely a property 
of the atom could not hold long as it came to be slowly realised 
that not only the chemical nature but also the mass or concentra- 
tion of a substance has an important influence on the course of 
a chemical reaction. 

Bcrthollct, the Scientific adviser to Napoleon, in 1799 clearly 
recognised the fact that the vast deposits of sodium carbonate in 
Kgyj)i (called ‘Irona’) uerc formed by the interaction of the 
common salt present in sea water on the limestone present in the 
rocks, according to the equation, 

' -iXaCU CaCOj = NaXO^ -f-CaCU, 


tliough wltcn conducted in the laboratory this reaction goes the 
re\cr.«ie wav. leading to ilie precipitation of CaCOj, according to 
ttic e(|uati<m. CaCL+NaXO, - ^.XaCl rCaCO^ (ppt.). Bertbollct 
explained tltis bv saying iltat tlie hir^c ma^s oj sodium chloTulc 
p/c’si u/ in si'a '•j.tilcr more ihtiii cttin lu’itstilcs for its u'cak ciwtuicnl 
(i[jimlv and chives the reaclioii in oppo.site direction. 

Reversibility of Reactions— It became thus gradually appre- 
ciati'd that most reactions arc reversible and ean proceed both 
uavs. and tbev reacii a position of eejuiUhrium depending on the 
rclati\e masses of the ciilTcreni constituents and on the external 
pliysiial conditions. The elTect of relative mas.ses of the reactants 
on the posiiicui of etjuilibiium was first systcmaiically studied by 
jb rdielot and Pean dc St. Gilles in 1802 whose results very dearly 
demonstrated die elTect of mass and paved ilie way for the law 
which was to conic two vears later and to he regarded as the 
greatest and the most fundamental law of physical cliemistry. 
Tliev showed tliat if one mol of acetic acid is reacted with increas- 
ing amounts of alcohid the percentage of acid converted into ester 
according to the e([uation. 

'CH^COOH 1 CJl OH CH,COOC,H, + HX. 
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also increases as shown in the following table compiled from 
their data, thus clearly showing the effect of mass on the course 
of a chemical reaction. 


Equivalents of 
alcohol 






E^lor formed 

Eqiiivaloiits 

E^tcr formed 

ipvr rent) 

of alcohol 

{jj( r ct'nf) 

19-3 

2-0 

! 82-8 

42-3 

40 

88-2 

66-5 

120 

95-2 

77-9 

500 

1 

iiliiuiit lOO'O 

1 


Law of Mass Action — The credit of first enunciating ilu- 
law regarding the inrtuence of the relative masses of the reacting 
substances is usually attributed to two Norwegian cliemivts. 
Gukiberg and Waage, who in the year 18G4 stated the law of masv 
action as follows — The rate of any chemical reaction is propor- 
tional to the active mass, of each of the reacting substances ; the 
active mass in a homogeneous system is defined as the number o] 
gm molecules of the substance present per unit volume i.e. ihi 
molar concentration. This law can be easily deduced fiDin 
tlierinodynamic considerations (see later). 

Mathematical Formulation of the Law of Mass Action — 

'I'o apply the law to specific cases it is necessary to formulate 
the law mathematically. Let us take a simple case of a reversible 
reaction represented by the equation — 

A + li <=> C + D 

An actual reaction of this type is the esterification of alcohol 
according to the equation, 

C,H,OH + CH 3 COOH ^ CH,COOC,H, + H,0. 

Let us start with A and B only at the beginning without anv 
C and D. The initial speed is proportional to the concentration 
of A and to the concentration of B and therefore, projjortional 
to the product of their concentrations. As the reaction proceetlv 
the speed of the direct reaction (A +B — i D) gradually 
decreases, since tlic amounts of A and B go on decreasing owing 
to their gradual conversion into C and D. But as soon as some 
(piantities of C and D accumulate in the system, the luuk 
reaction (C + D — > A + B) sets in, and as more and tnorv 
quantities of C and D accumulate in the system the speed of die 
back reaction gradually increases. So, the speed of the direci 
reaction decTcascs, while the speed of the reverse reaction graduallv 
increases, and ultimately a condition is reached -when the speeds 
of the forurard and the backward reactions become equal. 4 lie 
system has then reached equilibrium and no further change 
of concentration will take place. Such a condition is called a 
state of dynamic equilibrium or balanced state. Tlie condi- 

U 
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tion of the system does not apparently change, not because all 
reactions have stopped, but because as mrt«v nioleciilcs decom- 
pose in a given time as arc formed by the reverse reaction. 

Let [A], [B], [Cj and |D| represent the molar concentrations 
of the substances, A. B. C and D respectively 'shen equilibrium 
has been finally reached. 

Then, the speed of tlie forward or direct reaction 

-[AJ X [Bj 
- k^ X (A I X |B] 

where k^ is the velocity constant of the direct reaction : and the 
speed of the reverse reaction 

ccfCj X [D] 

= y (C| X |D| 

where k., is the velocity cotistant of the reverse reaction. At 
etjiiilibriuni. speed of the forward reaction = speed of the back- 
ward reaction ; 


or. /:,(A1 IBI = /^..iC|[DJ 
nr K 

lAl 'x IBP k. 


(I)-XIV 


uiiirc K is called the equilibrium constant or mass law 
constant for the ahovi- reaction an<l is equal \o the ratio of the 
uvo vehicitv constants and /c.. ft should be pointed out that 
K is a constant at a j;i\en lemperattire and its value chanjfcs with 
u mperature. 


N.l». It w In Uv tintcil that |A|. |IM. urc not the initial loncoa 
o.ktiMijv. I.iu tint ronri*ntraiicois sviicii oi)iiihhritin> Ini** Wvu altainvd 

.Mill tli<*v Ui’ lu hi* ox|*iVNMal fif /» I imtf not ill grains. 

Also, ut' shall follovi tlie MHOoniiun af wtitin:; the ii*Miltanls on the 
innucratn: ,nul tiu* rra(*ljuil> in I ho aonnniiiiatnr in tlio ox|n‘os''i<ni for K. 


If ibe reaction be of ibe type 2A .^> C ~ D. we may regard 
ii as A A — — > C • n. and the mass law eijuatii>n becomes 


ICIxIDi ICIxjUi 

|A| X |A| "lA!-- 

In flu- iieiieial case il the reaeti(»n is lepresented hv 

o.-\ ■ hli - 


(2)-XIV 


we li;ne. 



Ifip' x 

|A(" IB I'- X . 


(n)-xiv 


uIuTC iiu bracket I ] reprcsenis the concentraiion of the 
iispective substance present at cqtiilibrium. 

Thi' eijiiation is the most generalised maiheinaiical expres- 
sion for tile law of mass action and niay be stated as follows: — 
.It eqtiilihi ium the prodml of the concentrations of the substances 
jormed iti a reversible reaction, each raised to a poicer u'hich is the 


HOMOGENEOUS EQUILIBRIUM 


211 


co-cfficient of its formula in the chemical equation, divided by 
the product of the concentrations of the reacting substances, each 
raised to a pou^r which is the co-efficient of its formula in the 
chemical equation, is constant. 


Gaseous Reactions : Kj> and Kc — In applying ilic law of 
mass action to the case of a gaseous equilibrium, wc can also 
substitute the partial pressures for concentrations in the mass law 
equation since the concentration of a gas is proportional to its 
partial pressure. Taking a gaseous reaction represented bv 
A -i- H + 4 =^C + D and representing partial pressures bv tbe 
symbol "P” with proper suffixes, 

«c n,My gec, (i) K,= and (ii) K, = ... (4)-XIV 


where Kp is the equilibrium constant. This equilibrium con- 
stant. Kp is not necessarily tlie same as the oibcr constant, 
obtained by using concentration, which is callecl K,. but when 
tliere is little chance of confusion we shall use the svmbol K 
generally. 


The relation between K/> and Kc can be casilv deduced. 
Since according to equation (2)-lI. we have PV=uKT. and 
M>. P=(n/V)f?T = cRT where c is the concentration, i.c., in the 
present notation PA = (A]i?7’ and so on. 

Substituting this value of P in the definition of K,, for the 
litncral reaction, aA -i- gC -f- /»H -f we get 



Pc; V X Ph* X . 
Pa® X Pb* X . 


lA>x (B]*x...' ' 


(g-vh 6+ ) 


Kp = K.(KT)^" 


(.■))-XIV 


ulicrc is the increase in the ninnbcr of moles during the 
reaction. 


Example 1. A'c for the rcactioii, SO. + ^ at (jOO^C is 

67*7. Ca/culate Kp. 

Ilcre^ = increase in number of males s: No. of nicies of |>io<lu<'(s 
No. of moles reactants= 1 — SubsUtut in;: in eipiut ion (sSi 

wo iicl, Kp = 61*7x 10*0821 X 873) =59'8. Xolv lli.il i\w units of cone. 

nn<l pressure are moU/ litre and atmospheres and R is in lilre-atmos. 

Criteria of Chemical EquUibrium and Reversibility—Cbcnii- 
cal equilibrium in general must satisfy the following three criteria. 

(a) Permanancy of Equilibrium. 

(h) Approachability from both sides. 

(c) Incompleteness of the reaction. 

frt) PSRMANAKCY OF EQUrLlDIHUU — A Bi/fitrat if htift onrv rrarheit 

tfiuHihrium will rtvtain unmodified in covijwBition for errr, if the external 
rffhditionB are kept^unrhonffed, ' In nature however, some byslems arc met 
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with, which are not in true equilibrium but seem to be so, because the 
change of the system towards equilibrium is so slow as to be beyond 
detection but a suitable shock or impulse will at once change the system t,i* 
equilibrium. For example, a mixture of hydrogen and oxygen at room 
temperature though apparently stable combines in presence of platinised 
asbestos to produce a state of true equilibrium. Such an ajrparcnt equili- 
briiim is also called false equilibrium or metastable state. 


(6) ArraoAcnABiLnr from both sides — Wheu an electric spark is sent 
through pure aniiiionia, 93% of it gets decomposed into nitrogen and 
hydrogen. But if an electric spark is sent through a mixture of nitrogen 
and hydrogen in the ratio 1 : 3, only 7% of the gases combine and 93% of 
nitrogen and hydrogen is left. Thus it is seen that whether we start with 
■pure ammonia or with its decoin-position products, the same state of equili- 
brium is finally reached whose composition cannot further be chantjed. This 
fact was first experimentally established by Bcrlhelot and St. Gillcs in 
their clas.sical researches on the esterification of acetic acid with ethyl 
alcohol and is the surest criterion of true rquilihrtum. 

Inc’omj’LEten’BSs of CHFMif-Ai, Bf-mtions — From the nature of the 
equation for equilibrium constant, it will be easily seen that none of the 
substances can vanish. For. then the concent nation of one of the sun- 
stances will be zero, which makes the value of the equilibrium constant K 
either zero or infinity, and K in that case loses its significance. Sn. a 
reversible reaction will never be romjjlcle in any ilirection if the prodiicls 
are. allowed to remain in the system. Many reaclions, e.g. combination of 
hydrogen and chlorine, etc. appear to be lomplete, but this is due to the 
equilibrium point lying very close to one side. 


Irreversible Reaclions— Tiu-orciically. all reactions are rever- 
sible. There arc however ntanv renitions ^vhich could hardlv be 
Thought of a.s reversible. If wotild he extremely difficult inticed 
ir, .,:;.hlish conditions to run in a reverse direction such reactions 
a' KC.lti. (Ic <un}josiiion. liurning in oxvgen of carbon and carbon 
,t,tui tion of fr.. (!. etc. However, in principle all these 

nntl siiuitar r'. if ;!■ os arc re\ersihlc and in fact, it is even possible 
tf> caicu!:!ic eqo':i! rium constants for them from thermodynamic 
free enn :-v if.nsi lerntions. Our inahilitv to run such reactions 
in the reverse v-uv is simplv a reflection on our inadet|uatc 
knowledge to piodmi- tlu' ritihi experimental conditions, and we 
<nn<liule tlint th. re i^ no existence of truly irreversible reactions. 

Dissociation Krursihlf (hroniposition of a single niolcathr 
\{o('cics to form a miiiihrr of ucuirnl molecules or atoms is colled 
ibernial dissoiiation. ('.ascous dissociation (P. 42) is a special 
ivpc of iheriual ilisMuiation where the reactant molecules and 
ihe luoducis happen to he all gaseous. Examples of thermal 
dissociation ;ire : ~CaCO,<==:>CaO+ CO, : XH,a.<=^NH ^ HCl : 
I /— g I : etc. Thermal dissociation, being truly reversible, has 
prided manv intere-ting cases of illustration of the law of mass 
action and we shall iloselv examine t|uiic a few later on. 

Dynamic Nature of Equilibrium -That an equilibrium is 
not a cessation of d reactions but is due to an equality of speeds 
for the forward and the backward reactions has been expen- 
mentallv proved rtnently by using radioactive isotopes as tracers, 
an example being tited below. 
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Arsenious acid is oxidised to arsenic acid by iodine in 
aqueous solution, the iodine being generally used in presence of 

an iodide, so that the iodine is present in solution as Ij" ions. 
The equilibrium is 

H 3 ASO 3 + + H,0 <=> H 3 AsO, + 31- + '2H+ 

Arsenic by neutron bombardment becomes radioactive 
arsenic from which radioactive arsenious acid can be prepared 
by the usual method. In a blank experiment it is observed 
that this active arsenious acid remains unchanged in solution in 
presence of inactive (ordinary) arsenic acid. Now if an equili- 
brium mixture as shown by the above equation is made up using 
radioactive arsenious acid, the other components being ordinary 
chemicals, it is observed as expected that the net equiliijriuin does 
not shift. However, if the arsenic acid and the arsenious acid 
present in the equilibrium system, be examined from time to 
time for their radioactivity, it is found that the former becomes 
radioactive and the latter loses radioactivity at the same rate, and 
this rate is exactly equal to the rate expected from the law of 
mass action. This conclusively proves that even at equilibrium 
though the net reaction stops, the forward reaction and thc 
backward reaction go on at equal rate. 

Application of the Law of Mass Action —It is now proposed 
to discuss some applications of the law of mass action to homo- 
geneous liquid and gaseous systems to investigate how far the 
equations derived on the basis of the law of mass action agree 
with experimental data. 

(a) Esterification of ethyl alcohol— It is a homogeneous 
liquid system and the reaction is represented by the equation. 

CH,,COOH-f C,H,OH CH,COOC,H,-+ H,0 


o 


X 


(0}-XIV 


Original: — a b 

At equilibrium : — a-x b-x 

The equation for equilibrium is evidently, 

[CH,COOC,H,] [H,01 

[CHjCOOHl [C,H;0H1 

iV.iS.— We shall throughout adopt the convention of writing the 
law equation with thf. retultantn {riqht hand eide) in the iiuinrrtitor mid the 
rrartaniif {h,ft hand in the dfnomlnatoT though tlie opposite conven- 

tion is used by some authors. 

Let us start with V mols of acid and '1/ mois of alcohol 
and let V mols of the acid and alcohol react to form ester to 
produce equilibrium. Then the final system will contain (o — x) 
mols of acidp (b-x) mols of alcohoh x mols of ester tools 

of water. If the total volume be V, then the cc|iiilibnum 
concentrations (mols per litre) of acid, alcohol, csicr aiul NNatcr 


a^x b--x 
are 


— , and-' respectively 

V V 


V 


V 


t 
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So, substituting in the mass law equation we get, 


-v .V 
— X 
V 


0~x b~x 

X 

V V 


l. 

= K or. 


X- 


(a-x) (b-x) 


= K 


{7)-XIV 


constant equation for equilibrium 

constant. K does not contain v, and so the position of equilibrium 

s here mdependent of the total volume of *e system^ In f”" 
due 7 “™ *'1 number of molecules docs not chaneJ 

of thrtoml rohir’o/th^T^mm. 

de St^riLs‘'''“‘Ti ’’I'®' investigated by Berthelot and Pcan 

lit iU"ctf ^ tuira* dttdt 

law ot mass action as shown m the following table. 


.Ak“olinl 

a 


U-05 

018 

0-33 

0- 50 

1- 50 
2'24 
B'OO 


Fsicr fiiimed 


0-05 

0-171 

0-295 

0-414 

0-789 

0-876 

0-966 


Ester formed 



Method of Application of the Law of Mass Action-In applv- 
»g ihc law to specific reactions it should be made clear that the 
l.iu does not help m any way to find out indepcndentlv ihe 
extent of a chemK-al reaction from a given amount of the' rcac- 
anis. Jhc law only makes it possible to calculate the eauili- 
linuin starting from ony proportion of the reactants, provided 
The cqmhhnum is cxperimcntallv determined with a mticxiUr 
proportion, n other words, given the information that one mol 
of atctic acid and one mol of alcohol form only two-third mol 
of ester, wc can calculate with the help of mass law the yield of 
ester from any other relative proportions of the acid and'alcoliol 
as illustrated by the following example. 

Example 2.—\\ h^n nhohoj mu! acetic acid are miitd together in oiui- 
moleruhr proportion 66 :, per rent, arc converted into e»ter. Calculate Lw 
much .Mtcr tci l he formed -7 I mol acetic acid is treated unth OS. A and $ 
tfiofp.t of aff'o/tol ^rpoTOtily^ 
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For 1 mol. of acid and 1 mol. of alcohol, 665 moles are converted inio 
ester and water i.e. a = l, 6 = 1, .t = ’665. Substituting in the mass law eqn. 

[ester] [water] _ ar 

[alcohol]lacid] (a-j) (b-j-)“|l--665r ri--666) (approx.) 

For 0*5 mole of alcohol and 1 mole of acid « = 0'5. 6 = 1 and so, we have 

X' 

(-S-X) (l-x) 

This is a cjuadralic equation which on solution yields two values. 
z = 0423 and 1‘57. of which the latter value i.-s inadmissible because, 05 
mol alcohol can never produce 157 mols of ester. Ueiice, number of niols 
of ester formed = 0-423. Similarly, wlien « = 4, 6 = 1, we have, x = 0-93 
and when (i = 8. 6 = 1. jr = 0-97. Therefore, the acid is 42-4. 93 a;>d 97 per 
cent converted into ester respectively. 

{h) Formation of Hydriodic Acid — This is ;m example ot 
hoinrigcncons equilibrium. The reaction is 


Ha + 

a -X b-x '2x 

I^*t Vi’ mols of hydrogen and h' mols of iodine he hcatetl 
in a vessel of volume, v. and let 2 a- mols of hydriodic acid bt 
formed. Therefore, the ntimber of mols of hydrogen and iodine 
left at equilibrium arc respectively (u-a:) and (^-.v). Substitut- 
ing these values in the mass law equation we have 



JHIP 


„ 4Ar= 
{a-x) {b-x) 


(8)-XlV 


Here, again the cquilibritim point is independent of the 
vohiine or prcsstirc, and K;> and Kr have the same value. 

This reaction has been experimentally studied by Bodensicin 
(1899). Known amounts of hydrogen and iodine are boated 
together in various proportions in scaled tubes to a temperature 
of 444“C (boiling sulphur). After a time sufficiently long tor 
equilibrium, the tubes are suddenly cooled and the amount of 
hydrogen left is determined by absorliing die iodine and hydrogen 
iodide in potassium hydroxide; the liquid obtained by absorp- 
tion is analysed by the usual methods of chemical analysis. The 
validity of the law of mass action is demonstrated in the follow- 
ing table compiled from some recent data for this reaction. ^ In 
the first four experiments reported in the Tabic the equilibrium 
was approached from the formation side and the last two from 
the decomposition side. It would be seen that K remains constant 
in all the experiments proving conclusively the reversibility of 
the reaction and the validity of the law of mass action. 



216 


ELEMENTARY PHYSICAL CHENUSTRY 


Partial Pressure, atm. 


IL ! 

J 

1 

I, 1 

HI 

Kp 

0-1645 

0-09783 

: 0-9447 

001803 

0-2585 

0-04229 

C-7763 

0-01812 

0-1274 

1 0-1339 

1 0-9668 

0-01829 

0-1034 

0-1794 

0-0129 

0-01808 

0-02703 

0-02745 

0-2324 

0-01812 

0-06443 

1 0-06540 

0-4821 

0-01813 

1 


If the reaction is the decomposition of hydriodic acid and 
written as + L. the equilibrium constant K "iU be 

the reciprocal of the above eqiiililirium constant. Here, of course, 
the number of mols of hvdrogen and iodine arc equal and so the 
mas.s law equation is 




or 



(9)-XlV 


where 2rf = original number of mols of hytlriodic acid taken and 
-v the number of mols of hvdrogen or iodine found at 
ec|uilibrium. 

(c) Dissociation of phosphorus pcntachloride — The disso- 
ciation is represented bv the equation — 


PCI .^PCl, + CL 

It j 3 


l.i-t 1 null of tile pentachloride be vaporised in a total volume 
III J’ litres. It di’^soeiates giving a mols of the trichloride and 
- mols of chlorine, where a is called the degree of dissociation. 


The concentrations of PC'l .. PCI, and CL are 



ropet lively, 
we h;ne 


Siihstituting 


these values in the mass law equation 



PCIJ X 1C1,1^ 

I PC 1,1 d-T)r 


(lOVXIV 


It is to be noted that the ^alucs of i. the degree of dissocia- 
tion. depends on tiie total volume of the system, and conse- 
(jnciulv on the total pressure of the system. Such a system shows 
almormal vapour density and a can be determined from vapour 
.Icnsitv mcasuremenl‘^ (P. 40). 

The above equilibrium constant is . the other equili- 
hriuin con.stant Kp can be calculated as follows: 
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i 

Constituents! 

i 

Original 1 

i 


At equilibrium 

Moles 

Moles 

Mol fraction 

Partial Pressure 

1 

PCI, 

1 

1-a i 

! 1 

1 i-tf/i+rt 1 

, [(l-n)/(l+ii)JP 

PCh 

1 0 

a 

a/l + a 

i t«, (1-«)JP 

Cl, 

1 0 

1 

a 

] <i/l+a 

1 

, l« (1-«I]P 

4 

Total Moles at — 
Equilibrium 

1 + a 



Substituting these values of partial pressures in tlic mass law 
equation, we have 




P/YV. X Prv 


„ p ••• ••• (ll)XlV 

P/'67, ' 

which shows that * depends on the total pressure of the system. 

Further Examples of Dissociation EquUibrium^Many other 
case^ of gaseous dissociation equilibria have been studied and 
.some of them involve the dissociation of one molecule into two 
as in the previous case, and so the same equations applv. Such 
cases are NH.CI^NH, + HCl; COCU<=>CO + Cl N,(). 
;=^2N03; etc. 


ExamT'LE 3. Phottphorug pcntarhloridr w .{/•7 per emt at 

ISO^C under utmogpheric preneure. Calculate, the equilihriutii constant 
tisin<j partial pressure. Also calculate the degree of dissociation at S 
atmospheres. 

Tlie e<}iiation to be used lias alrca<ly been deduced (e‘in. (11)]. Puttiiiu 
« = '4l7 and P = l, we have. 

a* (•417)* 

When P=2. u is obtained from the above eqn. by putting K/>='202 
and P = 2, when a = 30?o {probable value). 

Example 4, Calculate the volume per cent of chlorine at 
in PCt^ under a total pressure of VO atmosphere. {K/J = 0'202 of the 

previous example). 

Putting Kp=sO*202* and P = 15, o comes out to I)e 0\^43. Now, 
according to eqn. (6)*XI* volume per cent = mol per coni = mol fia< 
lion X 10b =sl00£r/(l+e)=26-6?i. 

Effect of Pressure on Chemical Equilibrium —In reactions 
having an equal number of molecules on both sides of the 
equation^ the equilibrium is independent of the total pressure 
since the mass law equation contains no term involving volume 
or pressure. The following table compiled from Bodcnstein s 
data for hydriodic acid formation verifies the truth of the above 
statement showing that the number of mols of hydnodic acid 
formed from one mol of hydrogen and one mol of iodine remains 
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approximately constant over a pressure range of half to tv\o 
atmospheres. 

Total Pressu7t CS 1-0 I’S 2 atm. 

Molt HI formed 0-404 0-428 0-444 0-426 

But, in reactions in which the number of molecules changes, 
in otJier words, where the chemical reaction is attended with a 
change in volume (e.g. PCl,,<=^PCl 3 +C1„; N„ ^3H,<=>2NH3. 
etc.) the equilibrium point shifts with a change of external pres- 
sure. Hence, the degree of dissociation of gases like phosphorus 
pentachloridc, ammonium chloride, nitrogen tetroxide, etc., will 
change with external pressure at constant temperature. This i.s 
also to be expected from the law of mass action, since the equa- 
tion for the equilibrium constant, K contains cither a volume 
or a pressure term. 

From a closer study of these equations, and also from 
experiments, it has been found that in such cases, increase of 
pressure shifts the equilibrium point tcKt'Ords the direction in 
’si-hich the volume decreases, i.e.. the number of mols decreases, 
and vwe versa. For example, pressure will favour the formation 
or ammonia frorn N, and H. since the number of inols decreases 
due to the .eaction. The following table illustrates our point 
for the ammonia synthesis reaction at .“.OO'C. 


Total l>r<'s.‘‘urr : 1 10 60 100 300 600 atinos. 

) irlit /i''r rnit aiiimonio I 1-2 5-6 10-4 26-2 42-1 

Ihis effect of pressure on the position of equilibrium is of great 
importance in teclinical processes and will be discussed again. 

Influence of Temperature on Chemical Equilibrium — The 

e(|uilil)rium consi.mi. K. i.s a constant onlv ai a particular 

ti inperatme and iisnallv clinngcs its value with change of tem- 
peramre. In ot!u-r words, the position of cijuilihrium gets 

displaccal uirh change of u inpcraturc. A better insight is gained 
l)v rememliering iliat all cliemical equilibria arc dxnainic in nature 
nd arc- c'-tabiislud when the forward and the backward reactions 
ha\c ihc same speed. The effect of temperature is to change both 
■he force ard ancl the backward reactions but to an unequal extent 

die result that the position of ccjuilibrium gets sliifrccl with 
' br.ngc- of lempi ranirc. 

.\ very useful rule has been cxpcrimcntallv and ihcoreticallv 
- 'nained which predicts qualit.itivclv the effect of temperature ancl 
inns thus:—/!/ constant pressure, the reaction vhich takes pUtcc 
:rilh an ahsorfUion of heat is favoured b\ an inciease of temficra- 
tuye. ancl converselv. In other words, endothermic reactions are 
faeoured bv an increase of temperature whereas exotlicrmic reac- 
tions have less viold at higlicr temperature. iFor quantitative 
treatment vide end of this chapter). 

The reaction. -2NO-4n.l40 cals., takes place with 

absorption of heat and so. in the fixation of nitrogen where this 
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reaction is the primary one, electric are is used to ()htain as hi^h 
a temperature as possible. All technical processes arc guided l<v 
such basic considerations and this phase of the subject will I t 
considered again. 


Since most dissociation processes are accompanied by 
absorption of heat, they arc favoured by an increase of tempera- 
ture. Thus, the colour of gradually turns black with ri^t 

of temperature owing to the forniaiton of NO, according to tlie 
eqn, =2N03— 12,260 calorics. These considerations appiv 

only to systems in true equilibrium: the fact that ozone an 
endothermic compound is stabler at room temperature than 
say, at 3(X)®C docs not violate the above rule, since ozone at 
room temperature is not a system in true equilibrium. 

Comparifon of the •’fftet of Trmjperaturr nnd Preaxurt - — The positi":' 
of equilibrium is shifted by a change of tomper.-il ure or .1 chatiRO of pU' 
sure, but the underlying reasons are different in the two eases. In tb' 
former case, the shift is due to a change in the cquilihrium constant itscti. 
while in the latter case, the equilibiiuin constant is not affected, but th.- 
equilibrium point changes since the nia.s.s law equation tontains volume > 
pressure U-rins. 

Effect of Adding one of the Products of Reaction — Lci 


the reaction be A-pB 



_ [C) X |l)l 

“ lA) X |B| 


It is c\ickiu 


from the form of the mass law equation that by atlding a 
component, say, C. the numerator increases and so the denomi- 
nator should increase to maintain the constant value of K. j.c.. 
the equilibrium will be displaced towards the left. We may 
therefore conclude that wfurn^n’cr a substance particifHiimff in an 
equilibrium is added to the system, the equilibrium gets displaced 
in such a uay as to tend to use up the substance added i.c. on 
addition of any of the components of the left hand side of tiu 
equation, the reaction goes to the right, and vice versa. 

It is to be noted carefully that the above rule is valid ouK 
if the volume of the system is kept constant. In case the volume 
is allowed to change (for example, a gaseous system at constani 
pressure), by introtluction of one of the components the slyli 
of equilibrium might be under some circumstances m a direction 
quite opposite to that required by the above ride. 

Effect of Adding an Inert Gas— If a non-rcacTing gas b 
introduced into the system at constant volume (of course the 
pressure will change) the equilibrium constant and cquilibriinn 
point will remain unaffected because the partial pressures or i n 
reactants and the products remain unaffected. However, it tin 
inert gas be introduced at constant pressure (with consequent 
increase of volume), the equilibrium will be displaced wherever K,. 
is dependent on pressure, though the equilibrium constant K,. 
will remain unchanged because K;, is independent of change o 
pressure. This is a rather subtle point which could be easdv 
brought home by a few simple calculations. 
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Le Chatelier*s Theorem — The effect of change of pressure^ 
temperature or of the addition of a substance as just now dis- 
cussed, follows from a general rule due to Le Chatelier, which 
can be stated as follows : When a system at equilibrium is subjected 
to a stress (such as a cfMiige of pressure, temperature or concentra- 
tion), the system reacts in such a u'oy as to tend to relieve itself 
of that stress. 

So, if the temperature of a system is raised by adding some 
heat from outside, the system will change in the direction in 

some of the heat supplied to it, and this^ 
evidently is done if a change takes place in the system which 
ticcurs with absorption of heat. So, wc come to the rule that 
increase of temperature favours the reaction v.'hich takes place with 
absorption of heat. 

If the pressure on the system is increased, the system will 
tiiangc in a direction in which it can release some of the additional 
pressure and it caii do so by bringing about the reaction in the 
direction m which it takes place with a diminution in the number 
«)t mols, i.c. in the direction in which there is a decrease in volume. 

If any of the components is added from outside, its concentra- 
tion increases and hence, the system tends to change in such a way 
as to decrease tlie concentration of the added product. This can 
be done if the reaction in the other direction is favoured. So, it 
is seen that the theorem of Le Chatelier is in perfect accord with 
tile oliservations and conclusions wc have already made. 

4 


The Application of Physico«chemical Principles to Technical 

Reaelions— I roni the foregoing considerations it appears that (i) 
l"r endothermi '.omponnds the yield is increased by increase 
"f temperatti, . '•,) for exothermic compounds the vicld is 
n, I leased hy - iing of temperature, and (m) in reactions 
Mtailing a con; i turn of volume, the vicld is increased by increase 
• r pressure. 


(a) Synthei-fi. of \mmonia —Application of these results to 
t!i' synthesis nf Mninonia. according to the exothermic 
I ' .H tion — 


11,800 cal. 

■A'liild lend us .xpcct a greater yield at lower temperature. 
Ihii in tedink'' proccssc-. the yield is not the only importanr 
> onsi(]( I bcU also the time to reach that vicUl. At very 

Itiw ti mperanire, though tlie yield mav he very high the time 
' 'juiied to reach ihe equilibrium would he inconveniently long. 
' > the reaction utuild hi' conducted at the lowest possible 
I iperaturc C(msisteni with workable reaction speed. Therefore. 
!■ e-.erv exothermic technical process there is a temperature 
ealletl ‘ optimum teniipyrature ' below which it is not profitable to 
uorK the process in consideration of reaction speed while above 
whiih tlie vklcl diminishes owing to a shift in equilibrium. 
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fiwr cent n h > 
too 


SO 


60 




Since a catalvst profoundly influences the speed of a chemical 

reaction but has no effect on the final position of 

catalyst is considered more efncient, tlu 

higher the reaction speed it can producj 

at any given temperature. Hence, tm 

optimum temperature ^vould vary "‘th 

the catalvst used ; for the above reaction 

using rcciuccd iron and molybdenum 

catalyst the optimum temperature 

about oaO'C. 

The reaction in\olvcs a diminution 
volume and hence the vield will be 


s 






\ 



1 

V 




• -- 


A 


\ 


higher the greater the pressure. So. tlu 
common technical process using the 
above reaction (Haber's process) uses a 
pressure of 2tM) atmospheres, though pres- 
sures up to 1()0() atmospheres have soini • 
times been emploved. The following 

table and the accompanving figure (Fig. 79) which gives the per- 
centage of NH, formed at various temperature and pressure. 

illustrates the truth of the above conclusions. 


200 300 ^ 500 600 roO 'C 

pijT. 79. — Variation 
of yield of ammonia 
with temp. 
pressu re. 


Temp. •(’ 


350 

400 

450 

500 



Pressure in 



10 1 

30 

1 50 

100 

7-73% 

, 3-85 

1 2-04 

1-2 

1009 

5-80 
j 3-48 

I 

1 25' T’. > 1 

1 1511 

i 9 17 

! 5-58 

t 

24- 9r;, 

' 16-35 

10-40 

1 


Temp. l*iTt entail* of Nt) 


\h) Synthesis of Nitric Oxide -Tlu- oxidation of nitrone 
takes place with a large absorption of heat. 

N 2 + O 3 = 2N0-44.(HK) calories. 

The yield, therefore, will be increased by an imrease m 
temperature and unaffected bv a change of pressure 

Not only Mgh temperature- but also efpeent coo/o.g of tire P» - 

ducts is essential. For, if the 
equilibrium mixture is cooled 
slowlv. the percentage of nitric 
oxide will gradually decrease 
corresponding to lower conver- 
sion at these lower tempera- 
tures. To avoid this suhse- 
ouent decomposition, the best 
way would be to ‘chill’ down 
the very hoi gaseous products 

rn'‘JU-cTr'’rm-c! 'X; rbe rate of deco.nposidon is roo 


1538°(’ 
t604‘'t' 
1760" C 
2307 °C 
2402" 
2907"C 
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slow to affect the composition of the mixture. Commercial pro- 
cesses such as tliat of Birkeiand and Eyde, etc. work on this 
principle. The adjoining table shows clearly the increasing yield 
with rising temperatxire. 

(c) exudation of Sulphur Dioxide — ^The conversion of SO 3 
K) SO 3 is a strongly exothermic process. 

2 S 02 -r 0 „= ‘iSOj + 4o,2(KJ calorics.' 

So, the yield will be greater the lower the temperature ot 
\\orking. and a catalyst will be considered more efficient, if it 
can produce suitable working speed at a lower temperature. 
Finely divided platinum or vanadium pentoxide has been found 
to be the most suitable catalyst for the process, the ‘optimum’ 
temperature being al>out 400® — 150*C when about 99% conver- 
sion is obtained. It appears from the equation that the reaction 
iias a possibility of higher yield at high pressure, Init with the 
above working conditions the conversion is so complete as to 
leave no room f(»r improvement of vicld and licncc the process 
is worked at ordinary pressure. 

(d) Other Technical Gas Reactions —Similar considerations 
apply to all technical gas reactions, e.g. Deacon’s process, oxida- 
tion of ammonia, manufacture of hydrogen, manufacture of 
methanol, manufacture of aviation fuel (isoctane), etc. and in all 
iiK)dern processes proper considerations are always given to these 
basic jiliysico-chcmicai principles. 

Kxamti.k .S, III n iit'utini of ,Y, tni<l U_ ill the ratio of 1 : .1 af Sn 
iiiiiiii:) tmil tin jH Tc^Htaijr of aiMHoiiin under of cquUi- 

<■,111111 i* > ttlri/liil, tin eiiuilibriuin eomftant of the mixture. 

Lit IIS «ritr ihf (‘(jii.tlioii as.suinc that 

i i,' liOfii I'lii.i'.ji- is by volmtH'. 


SiiKi- |>:ii:i.i| |ir<.-s-iii'c of •uiy lompoiii'iil in a inixtiiio i.s pi''>|)iii'tionil 
lo its liy tlu- partial iiressiiro of ninmoiiia is 0'178x30 

ihf ])uttiul pressure of llie other two fjast’s are 
tl- 0178 )x 30 Bnl since the jja-ses are in llie ia|io 1 : 3. the jiarlial 

|•u•sslu•^• of iiiironi'ii is eviileiitly i (1 — 0’178)x30 ami lliat of hydrogen 
: ft- 0-170)>;30 utnios. Therefore, substituting these values of partial 
|l!■r^-lln•s into till' following equation, we have. 


Ps-ii 


•0178x30 


’s .-’’xlPm)? ( :05S)2xC6166)2 x 30- 


=0 002697 


Kx'MI p.i b. It 0 iiiixtiirr »t -I woi/x //. to I iii'd ii(i''t iiiidir <1 

Ilf I'lii atiiioM to tonii III I '/iiililiriiih' <e.‘ mid iiuiiiinniil, 
v.ilruliih Ki u-r the rioilioii. .r,’//,4-.t.V_ .V// at thin l.emjifroture. 

N'ow. the eonafion. 0-5 Mini N_ ami 16 mol H. <li.sa|ipeai yer mol 

of NH f.-nmd. Thetofoif. at equilibrium. 


MoK 

\ 0-2? 0-75 

If ;._3 _o-75 2-?s 
Sil 0-50 

Total M'.Is =3-50 


Mol Fraction 
0-75/3-5=-- 0-214 
2-25 ■3-5 = 0- 644 
0-50/3-5= 0-142 


Partial Prc-ssiire.' 
0-214x100 = 21-4 .-Uni 
0-644x100 = 64-4 rtm 
0 142x100- 14-2 atm 



rsH 


14-2 


a 


fl'ti,)'-’ (64-4)-.’xf2l-4>^ 


C-C0594 
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THERMODYNAMICS OF CHEMICAL EQUILIBRIA 

Free Energy Change in a Chemical Reaction— The free 
cncrev change in a chemical reaction may be deduced in a pic- 
turesque manner due to van’t Hoif with the help of his device 

of ‘equilibrium box”. Take the reaction 

cC + dD. Let us imagine a box containing this equilibrium 
mixture at temperature T and fined with four semipermeab e 
membranes, (dotted line in the fig.) each allowing respectively onlv 
one of the four chemical species to pass through which inay 1 c 
closed at will (Fig. 80). Let « mols of A and mols of » be 
kept in two reservoirs, at the same temperature 1 . and at pressures 
J and pu respectivclv. Let the partial pressures of the gases in 
fhe box he PaM^h. Pc and Pn. Now let us perform the follo\MnK 






r 



1 

» 

P * 

1 ^ » 

1 




_i 





P 



% • 



l 


p I equilibrium box ; 

^ ! I 


P P 
U * 'o • 




Pd 




qA+ bBi=tcC+dDl 


Pd 






Fig. 80 — Vaii't Hoff s K<iuilitiriiiiii lio-s. 

sic-i)s (d By reversible and isothermal processes, carried cut uiih 
die help of impervious pistons, the gases A anti B are brought to 
nressur^s Pa and Pn respectively. The amounts of work done arc 
JrT In (/m/Pa) and f>RT In (/>B/Pn). (n) At constant pressures 

P\ and Pn the gases arc pressed into the box through the rcspcc 
live seinipcrmcable membranes. The amounts of work done arc 

y "e2ln undhturVcil, c and d mols of C jmd D, 

as .hey are formed. . D^arJ I’sodir^maMv 

Ira 

14 c and cl mols of C and D at temperature 1 .> 

PcMV K in . (Ith-XlV 

-a = in(n 

nhere ^n=c + d - a- h. 

■ Net work. ie' = a--pAP=“'^A’'P‘- 

Tiic ncji ^ 1 1 Y\ Qrv w'c niiiv wrili^ 

the system (see equation 11 X). »o \ic may 
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-af=rt/„ -Rm ^ 

^ PA^.Pr.^ 


... (13)-XIV 


Now, if the initial and 6nal partial pressures be arbitrarily 
fixed, sav, each at unity, (i.c. all ff=l in eqn. 13) the work done 
and hence the decrease in free energy would be a constant for a 
given reaction. Calling this the standard free energy change for 
ilie reaction in question, say - obtain 


[ Pc'Pd'H 
= constant. 

Pa '‘P c'* J 

Pc®Pd'^ ,, 

= a constant = Kb ... 


... (14)-XIV 


•• PA«Pijfr 

So. we liave thermotlvnamicallv deduced the law of mass-action. 
Now. combining the” above equation with equation (13), wc get 


-af 


.. (lo)-XlV 


I bis is known as van’l Hoff’s reaction Isotherm and -AF 
tailed the <i{Jinil\ of the reaction. Also, wc have 

aF“=-- -RT/«Kp ... (ir>)-xiv 

width gives the standard free energy change for the reaction. » c., 
free cncTii;v chanj^c \o coincrt ihc reactants at unit pressure icno 
\hv [>rcKlii( is at unit pressure. For example, ^1"' for the reaction. 

^ is -dlTv. kcal at 2:>‘C means that if a mol ol 

liyii'ogi-n and half a mol of oxygen both at unit pressure he 
(oiotrietl into water vapour at unit pressure at constant icmpcra- 
tnif oi 2-’ till- free energy decrease or net work obtainable is 

kilotalories. 

Effect t)f Temperature on Chemical Equilibria— Differen- 
tiating equation (l.'d-MV with respect to T at constant pressure 
nul flieii mnltiplving bv T we get 


-AF .Tf'f 


). 


( omnariim with Oibbs-Helmholiz equation [(18;-X]. 


AF . All 


^ \ • "e have 

V 2 1 A* 


illnKy AH 

RT= 


... (17).XIV 


I bi-; is the desired etjualion in differential form, known as 
\an't Hoff’s reaction isochore, which correlates the temperature 
loeHiiient of equilibrium constam with the heat of reaction. 
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Assuming AH to be independent of temperature we can integrate 
it to get the cejuation 

Kp, _ . . ( 18 )-XIV 

'"S Kj. “ 2 - 303 rU= tJ 

Hence if we know the equilibrium constant at two tem- 
peratures. we can calculate -AH. the heat of reaction at constant 
pressure. Alternatively, knowing the heat of reaction and the 
equilibrium constant at one temperature, we can calculate the 
latter at any other temperature. 

Exercises 

1 What are reversible and irreversible reactions? Comment on the 

♦ ‘‘In reactions are reversible". Can you cite any experimental 

sUtement an rcac^ chemical equilibrium? How can you 

r/su.;' of . .yst,™ U . cl., of .rue e<,unibru.™ - 

o ihp law of Iitas.s action and formulate the mass law expias 

aion'for'^ th: fonolwng^Vcaciions in terms ef known amounts of original 

reactants : — 

(i) N, + O, = 2N0. 

(f*) 4N> + I 

(ti.) 2 N 0 Br = 2N0 -1- Br„ 

/* \ r*H 4- 2H S = CSj + 4Hj. 

a\“c=ant pressure on the yield eha.e.ier-s 

3 . Write short elatiorb^^^^^^^ 

Principle (r) reaction isncliore. (rf) reUt.on ^ iu.rcase 

A. H the equilibrium A t*; o * H +1,==2HT. show that for 

is-:.han,cd ^10 times under other- 

wise identical conditions. 

^VToT+CH COOn'^CH^COOC.H^ + H.O proceeds to 2/3 
reaction, CaH-OlU- a ^ ^ ^* 1,^1 »1rnhol and 2 n.ols of 

conversion. Tf we start with (a) 1 . o ^ols of clhvl alcolu'l anil 

aectic acid. (M 1 “^ol'of“clhvi ulcoM and 1 7Vo-M21 

(r) 1 mol of a*-etic ^ase at equilibrium? [0-846: (r) 0542] 

-V' r 

conditions of some important technical Kraduallv r.isin;- 

8. A sealed tube further raising the 

the temperature ^lourless Explain the phenomenon, 

temperature hecomes again colourless. i hcatim:. Suppose 

9. Iodine is partially nJof^cules (I,) is suhjectcl to conti- 

a system containing iodine ® partial pressure of u.«lmo inole_ 

dissociation and concentration of nitrogen 

10. ExpUm »iU. con.pr.xsc.f at con.lant 

dioxide gas becomes lighter in 
temperature. 

15 
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11. A salt is found to dissolve iu its nearly saturated solution with 
an increase of the total volume. Can you predict how the ^lubility 
of the salt would- change if pressure is applied to the saturated soiut.ou, 

12. Solubility of common salt increases very little with increase of 
lempcrature. What conclusions can you make concerning its heat of 
eulutiou. 

13. At 497®C, and under a total pressure of 2614 mm. of mercury, 
NjO, is 63 per cent dissociated into NO,. What would be its degree of 

dissociation at the same temperature but under a pressure of 938 mm! 

L80‘4%J. 


14. At 250“C, and 1 atm. pressure, phosphorus pentachloride is 80 
per ceut dissociated. Find its dissocialioo constant. 

15. When 1 gra. of PCI, crystals is vaporised at 182®C and 1 

atmosphere, the density of the vapour referred to air is 6‘08 when equili- 
brium is reached. Calculate a, Kc and Kp. [Given air is 144 limes 
Wavier than H,.] [o=42-5%; Kc = -0059; Kp=-221J 

[Hint Determine a from a=(D,-D)yD; from _o, calculate Kp 
from Kp=fl'‘P/(l-a*) ; and Kc from the equation Kp=KcRT.] 

, 16. A mixture of SO, and 0, at 1 atmos in the mol ratio of 2:1 is pass^ 

tlirough a catalyst at 1U0''C at a rale sufficient for oUainment of equili- 
brium. The e.vit gas, suddenly chilled and analysed, is found to coaUin 
87% SO3 by volume. Calculate Kp for the recatioh S0,+i0js:S0j. [47’8^] 

17. (u) A sample of 0T27 g. iodine when heated in a quartz vessel 
of 225 c.c. capacity at 1000*C is found to exert a pressure of 200 m.m. 
Calculate the dissociation constant for the I, molecules and the partial 
pressures. t(o) 0-01954; {b) 0-201 atm. J 

(6) Assuming the above value of Kp calculate the total pressure of 
the system if the partial pressure of atomic iodine is '01 atm. [0-015 atm.] 

10. It is found that 0-0755 gram of selenium (Sc — 792) vapour o«u- 
pyiiig a voliiim-. of 114-2 c.c. at 700‘'t exert.s a pressure of 185 mm. The 
seieniiiiii is in a .state of dissociation equilibrium in accordance with the 

^ [a = 0597; Kp=0-1755; Kc = 2-756X10 *] 

[Hint: — Calcnlal> apparent density (D) from the eqn. D = PM/RT 
(cqn. 4-11) and then get a form fl(«-l) = (D,-D)/D where n = 3]. 

)'» If a is the dc.t.e of dissociation of NH, at a pressure P prove 

2C' If the dinorence between heat of reaction at constant volume ai^ 
r,.at at . -ii^ anl pressure for .m endothermic reaction at 25’’C is 
i.ilorii'h, V liat 1“ the value of the ratio Kp/Kc? [RT*=s(5954) ] 


21. l-iiiildoiiim constant (Kp) for the reaction 2H,S = 2H,-fS, « 

0118 at 1015' r and heat of dissociation is -42400 calorics. Find the 

( i[uilibriiuii ccrutunt at 1132® C. [0'0251] 

22. Kuuilibrlum con.slanls (Kp) for the reaction ^ = are 

0266 and 0129 at and 400'’C respectively. Calculate the 

/ornnition cd gaseous ammonia. [12,140] 

23. Twenlv grams of liydriodic acid are heated to 327*C in a b^b 

of 1 litre capacity, (’alcnlate the volume percentages of H.. T, and HI 
at cnnilihriiiiii given that the mass law constant for the squation 
2HT = n,-fI- is 0 0559 at 327'r. when the concentrations are expressed 
iu moles' per litre. [HI=67-9 per cent ; H,= I, = 16'05 per cent.] 

(Hint C. b ulale ;r from the eqn. i’/4 (n-z)= = K deduced on P 
217. For a ga: mixture, percentage by volume is equal to mol. per cent 
i.f. rool-fraction xlOO i.c. in this case, xj2a for H. and I,.] 



CHAPTER XV 


HETEROGENEOUS EQUILIBRIUM 

General— Any portion of the physical world under consi- 
deration limited by real or imaginary boundary is called a 
System. In any system, each physically distinct and mechanically 
separable portion of matter wnicn is itself homogeneous and uni- 
form in composition is called a ‘phase’ — a term, which we have 
often used in the previous chapters. (Any system consisting 
of more than one phase is called a heterogeneous system.^ Tnus. 
if we have some water and water-vapour in a vessel, it is a 
heterogeneous system consisting of two phases, a liquid phase 
(water) and a gaseous phase (water-vapour.) The system obi.iined 
by heating calcium carbonate is a heterogeneous one cons. sting 
of three phases, two solid phases (CaCOj and CaO) and one- 
gaseous phase (COa). 

Law of Mass Action and Heterogeneous System — In 

applying die law of mass-action to cases of heterogeneous equili- 
brium, especially to systems which consist of solid phases, one is 
confronted with the difficulty of what meaning is to be attached 
to the active mass of a solid. The difficulty can however be 
surmounted by supposing that the active mass of a solid is 
constant at a definite temperature independent of the amount of 
solid present. 

We may regard the matter from a different view-point, it 
is a well-known fact that at constant temperature, a liquid has 
got a definite vapour-pressure independent of its mass. 
Similarly, we may regard that all solids have a definite vapour- 
pressure of its own independent of its amount and so, the 
gaseous phase contains the solid in the vapour state witli a 
negligibly small but constant partial pressure. In fact, most 
solids at high temperature and some solids e.g., metallic 
cadmium, bismuth, etc even at ordinary temperature have 
sufficient vapour pressure to be experimentally demonstrated. 
Wc may, therefore, regard it as a homogeneous equilibrium in 
the gas phase, in which the solids arc present ivith a constant 
partial pressure or active mass. With this ‘proviso the law of 
mass action can be applied to heterogeneous systems, and some- 
very interesting results can be deduced. 

Dissociation of Calcium Carbonate — If calcium carbonate is 
heated in a closed space a portion of it usually decomposes forming 
calcium oxide (solid) and carbon dioxide (gas) and ultimately an 
ecjuilibrium is set up according to the equation, 

CaCO, CaO + CO, 

The system consists of three phases, two solids and one gas 
and wc may regard, as just now discussed, that the active masses 
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or partial pressures of the solids are constant. Therefore applying 
the law of mass action, we have 

^ 

The very interesting and unexpected result comes out that 
the pressure of carbon dioxide is constant at constant temperature. 
This equilibrium pressure of carbon dioxide, which is constant 
at constant temperature, is called, on account of its similarity 
with the vapour pressure of liquids, dissociation pressure of 
calcium carbonate. At every temperature, the system will attain 
its corresponding dissociation pressure and then it is impossible 
by any means, even by adding to the system, lime, CaCOj or 
CO, from outside to change the dissociation pressure. Any added 
lime or CaCOj will remain unchanged, and CO,, if added will 
combine with free lime until the pressure falls down to the dis- 
sociation pressure. This is the reason why in lime-kilns, the 
evolved gas is continuously removed, so that the pressure of 
carbon dioxide falls below the dissociation pressure. The svstem 
was first investigated by Debray (1867) and all the above deduc- 
tions were verified. Some recent data for the dissociation pres- 
sures of calcium carbonate at different temperatures are given in 
the accompanying table. 


rr. . en Dissociation 

Temperature C pressure, mm. 

Temporal urc 

Dissociatioa 
Pressure, mm, 

500 0073 

850 

372 

600 1 1-84 

900 

793 

700 i 22-2 

950 

1577 

750 63-2 

1000 

2942 

800 167 0 

1200 

21797 


This tvpc of results is valid for any solid substance, which 
reversibly decomposes to a number of products, only one of which 
is gaseous. Some illustrative examples of such reactions arc — 

^ BaO + iO, (Brinn’s Process) 

{/.) 2 Ciii).^=^2Cu + O3 

(#;) H^O r— ^ 

(rf) r.if'.O, (Ca-Ox.nlatp) CaCO, + CO 
(f) K/l (Pol. Hytlride) K 4- AIIj 
(/) 2N'alTJ'0, + H,0 

(. 7 ) NiBr^.NH, + NH,. 

Variation of Dt»ociation pressure with Temperature — 

Since the dissociation pressure. P is equal to the equilibrium 
constant Kp. and since the variation of Kp with temperature is 
given bv equation {18}-XIV, we can substitute P for Kp, when 
we olrtaln 



heterogeneous equilibrium 


229 


1 P 

log P=o- 


+ Const 


(2)-XV 


j^asLOiis 

lo the 
ot nias^ 


2-303R T 

,e logarithm o£ the dissociation pressnre v.hcn 

we'ean cflc^latc the heat of clissoeiation of 

Example l—Veintj the above data fyr 
Aeaf of eaten, m carbonate .« (/a. 

From cqualion (2), we have 

A«/ 1 ^ ^ . l 2 <i)-XV 

log = 2.3^51, 

Substiti.ting values, we get l 

1„, (lM;0 073)=LA»/(2“)3x2)lXi (60 J- SCO,/, 73 X 873, 

or All = ™ 

....PfissSi iP=";.=sr;:P™:;3; s;,.. 

iy^non. 

PsHaxPH^s^ j, . P(NHjus (so/j£/) = Constant. ••• 

SiM=a=52iss 

been experimentally verified. , ^ co run 

'co.rm^ 

It tvould he seen that the h 

CuSO® Sh‘, 0 diTocialergWi'ng tdter vapo.n .«d a soli.l lower 
hydrate CuSO., 3H.O ac*^^^- 

The case is Similar to the thermal ‘f ^Yrte''!" 

carbonate to form one solid (CaO) and ,d;,pj . rr-mains 

has been shown that the pressure of ™ „r in the 

constant. So, here also the pressure "f for the 

system would he constant, the m* . * 1 

. P*H,0 xPCuSC),. 3H,() 

system is ^ - p(;„s0.,5H,0 (D^-XV 

N.Ti. It «hov.ia be nointe.1 

ZpT,vdr 0 .c“svrfon?‘lra'wl “m;sU.i“.a of die- tliroc ,,l....,ws, ll.« 
system is 47 mm. As more and more water leaves the svstem. 
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CuSO,, 3H,0 


the pressure nevertheless remains constant at 47 mm until the 
whole of the salt is converted into trihydraie when the pressure 
suddenly falls to 30 mm. The reason for this is that as soon 
as the whole of copper sulphate is converted into the trihydrate 
the above equilibrium loses its significance and now a new equili- 
brium is established due to the dehydration of the trihydrate to 
monohydrate according to the equation — 

CuSO„ H 3 O + 2H,0. 

Here again the vapour 
pressure of water vapour re- 
mains constant at 30 mm until 
the whole is converted into 
the monohydrate, when the 
pressure falls to 4‘5 mm due to 
a new equilibrium, CuSO^, 
H,0 CuSO, + up and 
remains at this value as long 
as there is water vapour in the 
system. The above results are 
graphically represented in the 
for IMua N’itriol accompanying figure where the 

pressure is plotted as ordinate 
and the composition of the solid phase as abscissa. It will he 
observed that the pressure suddenly drops whenever the com- 
position of the solid phase is just the same as one of the parti- 
tipant.s in the equilibrium but otherwise remains constant 
parallel to the composition axis. 



Efflorescence and Deliquescence — An insight info the phenomenon of 
r'lllDicsi-ciuc (u- 'liliquosccncR can bo obtained in the light of the above 
Knowlcilgo. It li;i3 }>een found that there is a definite vapour pressure 
coiTesponding fr> mixture of two hydrates. So, if the vapour pre 5 «nrc 
of flip water vapour in the atmosphere exceeds this value, the lower 
livilrafc is coriipii-ii-ly tonverletl into the higher hydrate and the salt is 
a stable one. Ihil, if the tension of aqueous vapour present in the 
atiiiusphcre is less than this value, the .salt gradually loses water and 
gi'ts ponvertoil info the lower hydrate. This is the phenomenon of 
' ’‘Inn\<rntrt or losing of water by a crysfallised salt. 

D> .H'r7\ct is the name given to the phenomenon of absorption of 

• al r by a s.ill and tbe solution of iho salt in tlie water absorbed. A 
snlii] will deliquesce in moist air if file pressure of the water vapour 
pif.=(’nt in tile nfniosphero is greater than the vapour pressure of the 

• aliiiil(‘d solution of the solid. The average pressure of water vapour 
pf.-si'iM. in the atmo>pluTe is less than 15 mm, while the vapour pressure 
if :i siturated solution of raCl, is only 7-5 mni. and so, the .salt is deliqnes- 
i i'iit. It is thus quite possible that a salt which is ordinarily stable may 
bi-innip tenipnr.irily deliquescent during the rainy season when the air 
lu’c 'ines too moist. 


Action of Steam on Heated Iron— When steam is pnssed 
dWT red hot iron hydrogen is obtained: but the reaction is 
never complete, siiuc .some steam is alwavs obtained along with 
the hydrogen gas. The true explanation is that the reaction 
is a case of heterogeneous reversible reaction represented by 
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4 HP + 3Fc ^ Fc,0. + 4H,: or =constant (5)-XV 

By applying the law of mass action and regarding the active 
mass of solids to be constant, we at once come to the conclusion 
that the ratio of the pressure of hydrogen to the pressure of steajn 
is a constant at any given temperature. Hence, tlie conversion of 
steam to hydrogen by the above reaction can never be comp'etc 
and the same final state will be reached whether we start with iron 
and steam or with Fc^O, and hydrogen or with any other mixture 
of the above components. 


PHASE RULE & PHASE EQUILIBRIA 

Introduction —The equilibrium In a system cons sting of 
a number of phases is however very conveniently studied with 
the help of the phase rule, which was thermodynamically 
deduced by Willard Gibbs in 187G. Before the rule can I e 
stated formally the terms phases, components and degrees of 
freedom need be explained. 

Phases— We have already defined the term phase as eadt 
bhysically distinct portion of matter which is itself homogcnroits 
and uniform in composition and is separable from other ^ir Is by 
distinct boundary surfaces. Gases being mutually imscihle in all 
proportions, there can be only one gaseous phase in anv system. 
Liquid phases are as many as there are separate hqtud Uycrs. 
Except solid solutions all different kinds of solids form differem 
phases. Thus, at the triple point of the water 
arc three phases, ice, liquid water and vapour The 
C^CO, {s)^CaO(s) + CO, consists of three phases— two solid 

phases and one gaseous phase. . , ^ 

Components— T/ie number of components is defined as the 
smallest number of independently variable constituents starting 
from which the composition of each phase can be expressed direct y 
or in the form of a chemical equation. 

The water system, for example, is a one-component one. 
since each phase ice. liquid water or vapour is essentially water 
in composition. The case is the same with the sulphur system. 
But consider the case of dissociation of calcium carbonate accord 
ing to the equation, CaCOj ^T-^ CaO + CO... Ihe system h.ts got 
two components because two of the molecular species mvol\o< 
in the equilibrium in arbitrarily taken proportions can represent 
the composition of each of the three phases. I’or ex.impc, 

taking CaO and CO, as the components.— of the three phases, 
the composition of the CaCO, phase is simply an etpiimo ecu .ir 
mixture— e.g. xCaO -i- xCO, ; the composition of each ot me 
other phases is that of only one of the components i.c. eitiier 
CaO or CO, as the case may be. Exactly similar is the c.nsc or 
any solid which reversibly dissociates into another solid ami 

a gas. for ^ CuSO,. 3H,0 (s) +2H,0 fg) 
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If however a solid dissociates into a number of gaseous 
substances e.g. NH^Cl;5=^NH3 + HCl, the number of components 
IS only one, because the composition of the dissociated vatKiur 
is in cssense the same as that of the undissociated substance, so 
long the gaseous products of dissociation are present in 
stoichiometric proportion. In case however, NH^ or HCl is 
introduced from without, the above argument docs not apply 
and the system liecomcs a two*component one. 

It should be pointed out in this connection that as far as 
phase rule is concerned, the relevant quantitv is the number of 
components and not the components. The former is a unique- 
property of the system and not the latter. For example, in the 
calcium carbonate system the number of components is two, but 
we may with equal justification call any two of CaO, CO^ and 
CaCOj as components. So. the question, “which are the com- 
ponents in a given system.-” has no unique answer and so cannoi 
he unambiguously met. Taking the extreme view we mav with 
perfect justice call even say. calcium and oxvgen as the two cora- 
poncnis of the calcium carbonate system because if we fix the 
percentage of these two elements in any phase the percentage of 
.ill other elements in the same phase becomes fixed. 


Degrees of Freedom — Fhe number of degrees of freedom of 
# minimum number of variable factors such its 

temperature, pressure and eoucentration, n'hich can completely 
define the equilibrium of a system. 

l-or exainple, consider the system, water — water vapour. So 
IvUiit 'lu h injK raiure is constant, the pressure cannot be changed 
'vii))(»iii - iiMllv disniibing the equilibrium of the svsiem. If an 
”'1’ ' I 'd', tn r rease the [ircssure of the system by 

‘ 'icnnl pressure, the vapour phase disappears 
uii]ip!i u V- ' : (It. iiig ,;n ahogeiher new svstem. So. the system, 
— " ' ! !> ■•lid to hav«i one degree of freedom, or 

more . iilv. i > ( iiuivariant. Consider the triple point 

ue-uatci-'.a; o tr: mis is zcin variant since neither temperature 
iior jiri-siii. , ti !..• ilianged wiilnmt causing one of the phases to 
disappc- r. .\i. i.rdinary gas is a bivariant svstem. since its 
tempi : i;:irc a-, well n« pre>sure can be fixed at any arbitrary 
\aluc V, -liin limits. i)f c<)tJrscV 


I he Phase Rule I tie rule can he stated as follows: The 
s/oii o/ the number nf phases and the degrees of freedom of any 
'■\>le>n e.xcerds the number of components b\ Izco, provided no 

'■u/f'tre c/bi 7 , '^riniUiiional effect, tie. are present, or stated in 
'•vmbiils. 


I' !•' -C - 2 . <11. tiu- more usual form, C-P- 2 ^ F .. (f>)*XV 

\ lure C. is the mnnber uf components, P the number of ph.ascs 
and I' ilie degrce> of freedom. 

Applications of Phase Rule — Applying ilic equation to any 
one-( omponent system, say. water wc find that when there arc 
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nvo phases present (i.e. C = 1 & P = 2). tire system is 

(F=l). At Sie triple point when tlie number of phases are ihrc^ 

lie C— 1 P=31 the deeree of freedom is nil (1 0). 

^vo^rfo; sys'l'ms, viz..® ice-vapour, -ter.apour _^or lee^water. 

-h -o us 

phase diagram as also that of sulphur m detail. __.C iC) 

^ On application to the two-componciu 
+ CO„. we find that so long there arc 

P = 3 'the degree of freedom is unity. In other ^^ord^. if on-- 
of tt variables, say, temperature is kept constant idl ^^^icr 
factors such as pressure, concentration, etc. ha J 

themselves to coLant values. This is in harmony ^Mth imr 
experience and with the deduction of the law .f 
The same arguments and results are \ahd i 

dehvdration of salt hydrates. .a, ,e,. 

Phase Diagram of Water— For simple systems the i^h. hk. 

enullibrium is easily studied with the help of the vapour prtsM 
cquiUhnum is casiiy dia-ram for water is shoun schema- 

'55'S (owl!::^pe;::i-"he'^;:::':a 'de^dm 

vapour pressing which increases along the ly, 

iri::-rm^l/’^amj^gi.andwat.are^^m^^^^ 

r^tm^e^^ulm Ihe vap^u ore.ure increases along the curve 

OB the vapour pressure curNC ot j cT 
li<iuid water. The graph OB ter- I o 

minates at the point B, the critical I j 

temperature (374'C) (critica pres- \ / 

sure is 

is 4-4 gm/cc), above which tempera- | l_Atrjv^\ .J 

turc die distinction between the | 1 A 

liquid and vapour vanishes. , . , \ * 

The dotted portion OA, which j 

is the continuation of the curve BO Vapour } 

below 0*C, is the vapour pressure | I 

curve of water when supercooled -7 ! j 

below O^C. This curve runs above • 5 iio ' 

the vapour pressure curve for icc in T.„,r,r..«r. 

harmony with the fact that icc is '*>• 
stabler than water below O'C. The of -Mer («../ 

curve OC represents the change of tow irds tin 

melting point of icc with pressure. 
pressure axis in conformity with the well-known 
melting point of icc is lowered by an increase of pressure. 




Liqnltl 


Vapour 


5 ^ 

T«nir«rAtur» 

82 — IMiaso (liaKrain 
of water [not to .uah) 

It is inclined towards the 

fnir that the 
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The curves divide the whole region into three portions in 
each of which, as indicated in the figure, only one phase is 
present. These vapour pressure curves are the common lines of 
intersection of these regions and hence along them two phases 

are in equilibrium. At the triple point O, three phases co-exist 
m equilibrium. 

phase diagram clearly indicates the conditions under 
which a phase is stable or not. For example, we can immediately 
conclude that at any definite temperature the vapour pressure of 
water (or ice) is fixed since any ordinate cuts the curves at one 
point only. The curves also clearly show that for the ice— vapour 
or the water — vapour system by raising or lowering the temperature 
at constant pressure, or by changing the pressure at constant 
temperature one of the phases disappears, since, by such movement 
on the graph we pass on to the imiphasic regions ; also, since the 
tuo curves, AO and CO intersect at one point, there is only one 
triple point for the system. 

of Sublimation — From the above diagram it is clear 
that if a vapour below its triple point pressure (OD) is cooled it 
will be directly converted to the solid state. For water, the triple 
point pressure is 4 6 mm. ; hence, if the partial pressure of water- 
vapour in the atmosphere falls below this value, the water-vapour 
will be condensed clirectlv into the solid state (hoar-frost) when 
the atmosphere gets sufficiently cooled. The reverse is also 
equally true. If a solid is beared and the vapour pressure above 
It is not allowed to exceed the triple point pressure, the solid will 
he directly converted to the \aporous state. The above is the 
]>rinci{ilc of sublimation. The triple point of iodine is at 93 

pressure anti 114°C. So. if iodine is slowly heated below 
IM C. the solid vnjiorises and the vapour if cooled rccondcnses 
to the solid state. If however, the heating is done rapidly, 
panicularly in an almost closed space, such that the vapour can 
neitiier pas« out quickly nor get diluted with air, the vaoour 
t'rt-,Mirc eicnriiallv exceeds 00 mm and the iodine is found to 
leelt to a mohile liquid. 

For most substances the triple point pressure is far less than 
ihe atmospheric pressure and this explains the relative rarity 
of -ul'j-t.'inces sublimable at ordinary pressure. For those sub- 
sraiicis. however whose triple point pressures exceed one atmos- 
phere, the condition for sublimation is automatically maintained 
and hence they pass directly into the vapour state on heating. 
Tills is tlic case with solid carbon dio.vidc,— commercially known 
ri> 'dry ice' and extensively used for refrigeration by ice-cream 
vi ndors.— uhosc triple point pressure is at over 5 atmospheres. 
Hence, the 'dry ice' passes directly into the vaporous state and 
tlius is free from the mossiness due to liquid formation associated 
witli ordinary refrigerants like ice. 

The Sulphur System — Another one-component system which 
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is slightly more complex 
system, the phase d-a- 
gram of which is shown 
in Fig. 83. AB is the 
vapour pressure curve 
of rhombic sulphur and 
BD that of monoclinic 
sulphur, the point B 
(OS'Sl®) being the tran- 
sition point between the 
two allotropic forms. 
At B both rhombic and 
monoclinic sulphur have 
the same vapour pres- 
sure and so, can co- 
exist along with their 
vapour. Hence, the 
point B is a triple point. 
D (119-28*) is the melt- 
ing point of monoclinic 
sulphur and DE is the 


than the previous one is the sulphur 



Temperature 

Fig. 83 — Phase diagram of Sulpluir 


vapour pressure curve 

of liquid sulphur. The lines BF and DF represent the change in 
transition temperature and melting point respectively with pres- 
sure and these two lines meet at F (151*C, 1290 atm.). So. F is 
again a triple point where rhombic, monoclinic and liquid 
sulphur arc co-cxistent in stable equilibrium. 

The transformation rhombic — >-monotlinic is rather slow 


and so if rhombic sulphur is quickly heated it follows the curve 
BC and melts at C (112-8"), the point of intersection of the vapour 
pressure curves of rhombic sulphur and liquid sulphur both 
being extended in the unstable region. However, these arc 
essentially unstable systems tending to revert to the stable forms, 
and hence they are represented by dotted curves. There arc in 
all three stable and one unstable triple points and nowhere there 


arc four phases co-existing in equilibrium. 

The above behaviour of sulphur is in perfect accord with the 
phase rule according to which the triple points should be zero- 
variant (F = C-P-h2 = l -3-»-2=0) and the biphasic systems will 
be univariant (F=C-P-h 2= l-2-h2= 1). We have already seen 
that in this system (as also in the previous onc-component system, 
e.g. water) the triple points arc mere points i.e. non-variant, and 
whenever two phases exist in equilibrium, cither temperature or 
specific volume completely and uniquely determines the svstem t.c. 
the system is monovariant in perfect accord with phase rule. 

The diagram also shows that under ordinary pressures the 
solid which separates on cooling liquid sulphur is the monoc inic 
variety as indicated by the line FD. but at pressures higher t lan 
that indicated by F. the rhombic variety is the one to separate 
along FG. This explains the extensive occurrence of rhombic 
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variety in nature and suggests tliat they were formed by crystalU- 
sation from molten sulphur under pressure. 

Phase Equilibrium of Salt Solutions— Phase Rule Considera- 
tions : — We now come to the considerations of a two-component 
system formed by dissolving a salt in water. According to the 
phase rule, so long there are only two phases, the solution and the 
vapour, the degrees of freedom are 2, i.e. we can arbitrarily change 
any two of the variables, say, temperature and concentration. But 
as soon as there is another phase, say a solid phase, the system 
becomes univariant i.e. if the temperature is fixed, all other factors 
viz., concentration and pressure admit of no variation. In other 
words, for each concentration of the solution there is a definite 
temperature at which a solid separates out of the system. And it 
docs not matter which of the components (the salt, or ice, or 
any of their solid solutions or livdraies) separates as the solid 
phase. When the solid solvent separates, the solution is said to 
Keeze while if the salt separates out, the solution is called a 
saturated one. We now proceed to discus.s a tvpical system. 


Freezing of Salt Solutions. General Description —If a dilute 
solution of a salt, say, potassium iodide is cooled, the solution 
begins to freeze at a temperature slightly lower than 0®C with 
separation of pure ice since the F. P. of a solution is lower than 
that of the pure solvent. As more and more ice separates, the 
solution becomes gradually richer in the salt and the freezing 
point goes on coniinu.illy decreasing, since the freezing point of 
a concentiated soluiitju is lower than that of a dilute solution. 
Tlius, ihere is a f^ro^rcssivc lov.'cring of /rrceing point along tlie 
cuiu* .\C. (I'ig. H-i) aiul on cooling ice goes on separating until the 
composition, (' is reachcfl uhen the solution becomes saturated 

with respect to the solid 
salt. On abstracting more 
heat, the solution, C free- 
zes as a zi'hole at constant 
temperature unchanged in 
cotnposition. This lowest 
possible freezing point of a 
solution at which the solu- 
tion freezes ‘en masse* is 
called the eutectic tempe- 
rature and the solid 
pliase which separates 
during freezing at the 
eutectic point is hence, 
called an ‘eutectic mix- 
ture' ; and in this parti- 
cular case of salt and 
water is called a 'cryo- 
hydruic.' It was fonirerlv believed that cryohydrates or eutectic 
mixlun s were definite chemical compounds but this idea is ruled 
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out on the grounds that (r) the salt and water arc seldom present 
in a molecular ratio, (ti) the composition of the crvohydraie is 
changeable with external pressure and {Hi) the cryohydrates appear 
heterogeneous under the microscope. 

The eutectic point is an invariant point, similar to the 
triple point in one-component systems ; this follows from phase 
rule because here the C = 2, P=4 and iliercforc, F = 2 — 4 + 2 = 0. 

For KI solution, the eutectic point, C corresponds to .52%KI. If 
a solution stronger tlian 52% is cooled, it will freeze along tlie 
curve BC, but during the freezing the solid which separates is 
not pure ice but is pure potassium iotlitlc. Since the solid salt 
is in equilibrium with the solution along BC. BC is evidently 
the solubility curve of the salt. The solution, therefore, gets 
continually poor in KI until it reaches the temperature and 
composition corresponding to the point C along the curve BC. 
When the point C is once reached the solution freezes as a 
whole to form the cryohydratc. We may summarise the results 
as follows: — 

If a dilute salt solution is cooled i>e aeparation with progrcs.'^ive 'o\v\;r* 
injt of F.P. occurs until the eutectic point is reached, when it freezes 
as a whole. 

If a solution slrongcT than the eutectic coinposilioti is cooled, tlie *n\t 
Btparatea out during cooling until the eutectic composition is reached 
when it freezes as a whole. 

If a solution of euteetie. compoaition U cooled, the solution freezes 
unchanged in comixtaxi'xon at the eutectic teinper.iturc. 

The above is the simplest tvpe of curve obtained for many 
salt solutions e.g. KCl-waicr. NaCl-watcr. etc. where no hydrate 
separates as a distinct phase as well as for many pairs of molten 
metals e.g. lead-silver, zinc-cadmium, etc. Many alloys are in 
fact, eutectic mixtures mixed with more or less quantities of one 
of the pure metals. 

Simple Fusibility Diagrams of Alloys— As nientionc<l in the 
previous section some alloys show the above type of simple freez^ 
mg point diagram called fusibility diagrams for alloys. Fig. Bo 
shows such a diagram for the system bismuth-lead. 

The eutectic point in this system is IdO^C and occurs at a 
composition of 40 per cent cadmium. So if a liquid alloy cont.iin- 
ing less than 40 per cent cadmium is cooled, pure hisimith would 
separate along the line AC until the eutectic composition and 
temperature, %.e. the point C is reached. If a richer alloy is 
cooled, pure cadmium would separate along BC until the point C 
is again reached when it will congeal as a whole. If an alloy of 
eutectic composition be cooled, it would freeze as a whole at 
140*C. The solid alloy if polished, etched and examined under 
the microscope, would appear as a conglomerate of tiny crystals of 
bismuth and cadmium closely intergrovvn into one another. 

Magnesium — Lead system gives a slightly more conipl^ 
fusibility diagram, (Fig, 86) which has a maximum at the point C. 
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Such maximum can be interpretatcd By the phase rule as corres- 
ponding to a definite chemical compound, in this case MgjPo, and 
the fusibility diagram is merely two simple fusibility oiagrams 
combined into one, viz. that of Mg and MgjPb and of MggPb 



Fig. 85 — Fusibility diogram of Fig. 86 — Compound Formation 

Bismuth-Lead in Mg — Pb system 


and Pb. The interpretation of each of these portions is sim’lar 
to the previous diagram and introduces nothing new in princip’e 
and application except that one of the constituents is not a pure 
ineial but is an iniermcialUc compound. 

Exercises 

1. Stale fully the action of heat on calcium carbonate. 

2. Describe the phenomena that you will observe when the following 
siilistancci are progressively cooled : — (a) a dilute solution of sodium 
dill. title and (b) u concenlra’ted solution of sodium chloride. 

3. What is the difference between dissociotion and decomposition? 
Illustrate your answer by reference to calcium carbonate and expliiii why 
lilt pnesn’ee of free carbon dioxide diminishes the extent to which the 
dissociation of the substance proceeds at a particular temperature. 

4. Explain with illustrations :—(o) ervohydrate ; (6) eutectic mix- 
ture; (c) freezing mixture; and {t/) dissociafion pressure. 

5. What do you observe on a manometer left connected to a 
desiccator in which is kept a quantity of blue vitriol? Explain the 
observations. 

6. Discuss the equilibrium between liquid and solid phase in a two 
component system and explain the practical application of your conclusion. 

7. State and explain the phase rule and illustrate its applicatio’’B to 

any two of the following systems Ice — watcr-vapcur ; (fc) Freezing 

mixture; (c) CaCOj CaO-pCO, ; (d) Sulphur and its modifications. 

8. State the Phase Rule and apply it to a system of one component, 
comprising more than one solid phase. 


PART III 


ELECTROCHEMISTRY 


Electrolytic Dissociation & Conduction — Ionic 
Equilibria {Dilution Law. Ionic Product of Water, Hydro- 
lysis of Salts & Solubility Product)— Electro-Motive Force- 
Acids & Bases: pH &. Indicators. 




CHAPTER XVI 

ELECTROLYTIC DISSOCIATION & CONDUCTION 


Electrolytes and Non-electroIytes —If sugar is dissoKcci ii^ 
water, such a solution does not conduct electric current \vheri--a> 
a solution of sodium chloride docs. Substances like siiiiar. urea, 
■etc., which are tlius incapable of conducting electricity arc- called 
non-electrolytes. 

The passage of electric current tlirough a -.olution of sodium 
chloride, however, cUfters from metallic eonduenon in one 
important respect. When a current passes through a metal uire. 
there is no change except the heating effect, whereas on the 
passage of electricity tlirough solutions of salts, etc., chemical 
changes also take place on the electrodes. The conductors ot the 
latter type are known as elcctrolxlcs and the phenomenon «»t 
sending current through them and the accompanying chemical 
changes arc known as electrolysis. 

All acids, bases and salts are elcctrolxlcs. The presence <>1 
water is not essential since many of them arc typical elccirolvn.^ 
even in the fused state, or in non-a(|ueous solution. 

Though the electrolytes arc fairly go<ul conductors, they arc 
far less conducting than j)ure metals. It is also ^ 

solutions of weak organic acids and bases are very feeble con- 
ductors in comparison with those of strong acids strong lia-e^ 
and salts, and so, the former are called ■j.ctik clcctrolxtc.\ as 
opposed to the latter, called strong electrolytes. 

Electrolytic Dissociation — 'I'lie mechanism of conduction ot 
current through electrolytes was speculated upon from nearlv the 
beginning of the last' century when brisk activity was going on 
in the then newlv discovered phenomenon of electrolvsis. C)l tin 
earliest theories 'that of Grotthus (ISOli) received wide supi^ort. 
The original theory of Grotthus assumed the electrolyte m<»leculc-> 
to he emiowed with two poles-positivc and negativc.-which .a ui 
themselves along the lines of force and conduct current hv a 
‘bucket brigade’ type of mechanism. 

Clausius in 1B57 first conccivctl of 
of electrolytes contain a very small proportion of ficc tons 

reversible equilibrium vvitb the nntlissociatctl , 

ions arc responsible for comlnct.ng tile current. lire citcl <1 
be ne the o'riKinator ot .lie theory of electrnlyuc J,ssoe„ , 
lelmrally attributed to Arrhenius (1887| for the 
not only postulated exletisivc spnntm.eons .llssoc.at.on of ‘ 'J 

equation, P=cRT ((D-XIIl and the deviation is m sneb a 

10 
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that there are more dbsolved units chan the actual number of 
solute molecules taken in solution. He postulated that the 
electrolyte molecules dissociate into ions in solution as a result 
of which the van’t Hoff’s factor, i, is always greater than unity 
which leads to a higher value for all coUigative properties in 
solution. He showed the method of calculating the degree of 
dissociation from experimental van’t Hoff’s factor values 
(Ch. XIII, P. 204). This agreement in values was mainly respon- 
sible for the universal acceptance of the theory during its early 
days. According to this theory a portion of the electrolyte 
molecules is reversibly broken down into ions. The degree of 
ionisation may often be very large and it always increases with 
dilution approaching completeness as the dilution becomes in- 
creasingly great. The ionisation of a few substances is represented 
below — 

(^7) NaCl ^Na++Cl- 
(^7) K,SO, ^2K+-(SO.) — 

(c) CH.COOH^ H+-^CH,COO- 

(d) H.SO, ^H*+HSO,-; HSO,- ^ +SO,-- 

Strong electrolytes which conduct current more freely arc 
to a greater extent dissociated than weak electrolvics which con- 
duct only fcchlv. A tlecinormal solution of sodium chloride 

9 # 

according to .Arrhenius, is about 83 per cent broken down into 
ions while an acetic acid solution of the same strength is less than 
- per cent dissociated. 

So far as strong electrolytes are concerned, the above concept 
of .Arrhenius is however, of historical interest onlv, as it is now 
known that tlicv arc completclv ionised at all dilutions. \Vc shall 
again refer to this point later on (P. 261). 


Comparision uf Electrolytic Dissociation with Gaseous Disso- 
ciation — Iho nature and characieristics of gaseous dissociation 
liave already been discussed (P. 41). The chief points of 
'iinilaritics and dissiniilaritic.s are tliscusscd below — 


H«dl* of Uhid prot'cs^^ts, (A) Kotli llie 

o? M, rs.',*' . Itsol to fthiifTtfi'fltif /otr <if juolttu/nr u'iiffht. 


Thi* of ijasooils (Hssoriat ion can l»0 

• onintci! by no rfinuit nl * jj. hy iJiffiision. solulion, oU*. 

riti', \ou'- i nnnol Ik* so Jmc to t)io stroni; aUraclion lK*tAVcon 


(iM Tlio jfroiiiicts of uasroti'* dU'^ooiatioii 

ill* ill liu’’ oliifV raso, llii’V aro rlior4/»iI inn:*. 


aru otUv 

r» > t 


71 1 ntra! wotvruJrs 


(n) NH,Cl^>NH (/>) NH>a. n- 

^ ^ bisrons liissS/M ialinn n't|nirop no //o'Jinrn vWs\ roly tic <lisso- 

t * i,« I'fls till' pii’^OTitO of a ui»thtt7H or 


Evidence in favour of the Theory of Electrolytic Dissocia- 

non The ihcorv vc'^ts upon a good deal of experimental svipport 
from vaiioiis sniivcc'-. the most important of which arc given 
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87 — Centrifuging of an 
iodide solution. 


{a) Solid crystals, say' of common salt have been shown by* X*ray 
analysis to coiislsl nut of NuCl molecules but of Na and CI''ionS| and 
III solution such a crystal would simply fall apart into its ions. 

{b) Tubes containing solutions of 
metallic iodides on rapid whirling 
show the farthest end to be nega- 
tively charged due to the larger sedi- 
niciitation rate of the large licavy 
iodide ion. 

(c) Colour of salt solutions at 
Ihgh dilution is additivcly composed 
of the solvent and the two ions. 

Salts of the same type in dilute 
d/|ueou$ solution have been found to 
have tlie same typo of absorption 
spectrum. Also CuCl. is blue in 

dilute solution due to (*u* + ioiis, yellow in coiic, solution tlue to unionised 
< 11(^2 molecules and green {i.v. a mixture of yellow and blue) at inter- 
mediate dilutions. 

(r/) Tlie heats of naturalisation of all strong acids and bases are the 
same in dilute aqueous solution. (P. 121). 

(c) All electrolytes liavc abnormally* high values for osmotic pressure 
and related properties. 

(/) Strengths of different acids calculated from their catalytic activity 
ami other ])ropertie.s are in the same order us their conduclivities in 
aijucoiis solutions at ecjuivalent dilution. 

{</) Tlic theory of solubility pioduct. 0>twuUrs dilution law, Kohl 
rauhch's law, Dobyc-HiicktO's equation ami a iiuTiihcr either thcoric.s and 
laws which are directly based on the theory* of electroiylir <lissocuition. 
satisfactorily e.splaiii all the phenomena in their respective tieUls. 

Thus, the tinv speck of i<lea of ionic dissociation in its 
modified and elaborated form, has brought tomjdetc coherence 
in thinking and experimeni in die whole realm of electrolytic 
>olutions and so, may be said to have received general approval. 

Laws of Electrolysis — As a result of his experimema! 
researches in connecthm with the passage of electricity througii 
electrolytes, Faraday (1832) discovered the relationship between 
the amount of chemical action occurring on the electrodes and 
the quamitv of electricity passing. He expressed his results in 
the form of two laws known as Faraday’s laws of electrolysis 
which mav he stated as follows. — 

(t) For the some electrolyte, the amouut of eheniical deeom- 
fxjsilion produced at any electrode is proporlioind to the quanlity 
of electricity passing. (:e « Q cc Ct). 

(iV) If different electrolytes are included in the same circuit 
the amounts of suhstanccs liberated at the different electrodes 
arc proportional to their chemical equivalents. 

Faraday’s law is one of the mf>si exact laws in physical tlic-mis 
trv ; it has been found to hold under varied conditions, vie. at low 
and high temperature, in dilute and concentrated solutions, at 
carious pressures and in different solvents. Since the .amount <>t 
decomposition is proportional to their chemical cejuie alcnts. 


It 
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follows tliat the same quantity of electricity would be required 
to produce 1 gm equivalent of any substance, element or com- 
pound, by electrolysis. This quantity of electricity which can 
liberate 1 gm equivalent of any substance is called one Faraday 
of electricity, usually symbolised as F, and its value in practical 
units is 06,500 coulombs or 26 8 ampere-hours. 

With our modern knowledge of electricity and matter, these 
laws of Faraday arc seen to be a simple consequence of the fact 
that electricity is composed of electrons and a Faraday is simply 
the charge on an Avogadro number of electrons. 

Electro-Chemical Equivalent — Let a quantity of electricity 
Q pass through an electrolyte and let w be the weight of an ion 
liberated at any electrode. Then according to law 

■a’ cc O « Ct (Since, quantity = current strength x time) 

or w = z Ct, ... ... ... ... (l)-XVI 

where C is the current sirengdi in amperes, t is the time in 
seconds, and 2 is a constant called electro-diemical equivalent. 

Since te’ = 2 . when Q=1 [i.c. C = 1 and t=l]. the electro- 
chemical equivalent z may be defined as the quantity of a sub- 
stance liljcrated on the jiassage of 1 coulomb of electricity [or, 
1 ampere for 1 second]. Since the amount of decomposition is 
proportional to the chemical equivalent as well as to the electro- 
cliernical ct|uivalcnt. we mav write 

Ehvtro-cheniical tv/ioWtvi/ of .1 Cheviical equivale nt of A 

FJeetro-chemical equivalent of B ~Chemkal equivalent of B 

—a relation which mav be profitably used to calculate and 
< oitiparc the equivalents of elements. 

1 . thr flrrf rorhtmical equivalent of silv^'r to l>e 

ui'D/lJS: fnnl (hi: miiik value t'>r o.r>ijin (.43 = 105). 


I’lom llio relation, 

K. ('ll. Kqiiiv. of of 0^ _ 8 _ .f,,., 

K. Cli. K>jiiiv. of Kijniv. of 108“ 

Or E. Ch. E<niiv. of O. - -001118 X-0741 = -000(^8. 

Kx.wi'i.k 2. Whot ifi ii/ht of rai,jh r in deposited by a eureent of 
•.ny • r>o! thwiii.j for half n/i h«ur ihnoiijh a blue vitriol solution [E. Ch. Eq. 
for ll .-■'ii.'iiOjhy. Cu^ti.l'ii). 

E. Ch. Kcj. of Cn (:1 - Ch. Erjuiv. xE. Ch. Equiv. of H. 

= 31-75 X -0000104. 


ir = :.r./. (51-75 x'0CO01(D4)x6-2x (30 x 60) = 3-685 gins. 


l-A.xMl’i.K 3. .1 riirrent thnoiijli two crll.< containing respertivebj 

It] rapper sulphate solution bet wen ropjter rlrctrodes and (ii) silver nitrate 
eiiliilioii between platinum ilvetrodis. C«/r-M/fl/p the loss or gain in weight 
«./ the different electrodes in the fiine in which iO c.c. of oxygen at N.T.P. 
<.oU A-ts in the second cell. (. 1 .;- /rtS; Cu = GlV;i.) 

H»,_:,_(Ch. Equiv. 1. (Ch. Eq.lj 


wf! h.ivo ~ — . 


|. , nr. »-, = M-. X // 1 ’"i-i V 

(C h. iMiitiv.!, ' ■ -^(t h. hq.)^ 


Siiu-o 22 4 litres of wt-ieh I mol t'.'-. 32 yms. 

40 c.c. of oxyecn weiiTh f32 x 40)-H22.400^-0571 gm. 
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"eight of silver depositctl = '0571 x (108/8) = 0'778 gnis. 

"'eight of copper deposited ='0571 x (31'75/8) =0'228 grns. 
weiglit of Cu dissolved out = \vt. of Cu deposited = 0'228 gnis. 

Example 4. Can you calculatt mentnlly ap/iroxiriiatcly how much 
cuTJtnt is necessary to irroduce oxyijcn yas at thf rate of 1 c.c. r .‘*r. 

One Faraday { = 26’8 amp-hour) liberates one equivalent weight — ix 
22'4 = 11'2 litres of oxygen gas at N.T.P. Hence, at room tcnipeiature 
approximately 2 anifis. -hours are necessary per litre of gas. 1 

per sec. is 3'6 litres per hours, to produce which about 3'6x7'2 iiinperes 
will bo necessary. 

The Significance of Faraday’s Law — The most remarkable 
feature of Faraday’s Law is that the amount of electrolysis depends 
only on the quantity of electricity passing through and so. v\e 
need not care to know the size and shape of the vessel or the 
electrodes, the temperature, the pressure, the voltage, or current 
strengtlt or any other factor except the quantity of current and 
the chemical equivalent of the product. This marvel of sim|ditity 
is however quite easy to understand in the light of later know- 
ledge. An ion, we now know, must have a charge wliich is a 
multiple of the charge of an electron, and so a chemical ecpiivrdciu 
is associated with an N (Avogadro number) times the charge (e) ot 
an electron and this quantity Ne is one Faraday of electricity. 
(N = ()'032 X 10^" and e = 4'774 x lO-*" e.s.u. = 10() x coulombs 

Nt' = 9fi.rj00 coulonibs=One Faraday.) 

Current Efficiency — In most commercial electrolytic processes 
the yield of material is always less than the calculated cpiantity. 
This' is not due to a breakdown of Faraday’s laws but due to 
various side reactions or disturbances which may be takiiig place 
on the electrodes. 

The ratio of the yield obtained in an electrolytic )>rocess to 
the theoretical yield calculated on the basis of Faradav s laws is 
called the current efficiency. In technical processes the current 
cniciently varies within wide limits. In the electrolytic topper 
refining process it is about 92 per cent while in the alkali chlorine 
cells it varies from 50 to 100 per cent. 


Specific, Equivalent and Molar Conductivity— In the science 
of electricity in order to make comparison of the electrical 
resistance of different substances, the idea of specific resistanc e has 
been introduced. Specific resistance is defined as the electrical 
resistance offered between the opposite faces of a unit cube. The 
reciprocal of resistance is called conductivity and therefore, the 
reciprocal of specific resistance is called specific conductivity or 
specific conductance. Therefore, the specific conductance r** defined 
as the electrical conductixnty between the opposite faces of a unit 
cube. Throughout this book the specific coiKluciivirv will he 
dcnotctl by k, and its unit should be (see example 1) reciprocal 
ohms per cm, commonly called mhos (ohm read backwards) [)cr 


cm. 

The specific conductance of a solution is 
concentration ; so, to get comparable results tlic 


I function of the 
comparison ought 
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to be based on measurements on conductance in solution contain- 
ing equivalent quantities of the different substances. For this 
purpose the idea of equivalent conductivity is largely used. 

Equivalent conductance of an electrolyte is d^ned as the 
^oduct of the specific conductivity of the solution and the volutne 
m c.c. which contains 1 gram equivalent of the electrolyte. It 
may also be defined as the conductivity of a solution, containing 
1 gm-equivalent of the electrolyte, when placed between two 
electrodes one centimeter apart. It is usuaUy denoted by A‘ 

Sometimes, the term, molecular conductivity (denoted by /i) 
IS used for comparison among different electrolytes. Molecular 
conductivity (/<) is defined to be equal to specific conductivity 
multiplied by that volume of solution in c.c., which contains one 
gram molecule of the electrolyte. For salts whose equivalent 
weight is equal to the molecular weight, the equivalent conductivitv 
and the molar conducti^'ity have the same value. 

Example 5. .1 iltciu'iruial solution of iodium aettott when rioced 
ictween two etcctTude6 ctirh J'5 cm i^i/iiarr and placid at u distance of O'T’ 
rw has a Tcsistenrc of 6>-4 ohms. Calculate its specific conductivity. 

The relation between the din:cnsio)iR of a cutiduclor and its electrical 
resistance is 


T, . . o leniith 

uesistance — Specific resistance x 

* area 


0-72 


Inserting values, we have, 52 4 = .sp. resis, x 


or specific resistances- 


62-4 X 1-5 X 1-5 


ohms cm. 


Sin'<'ifii.' coiidiK'tivily, /.•= (l/specific resistance) =0 0061 mlios/cm, 
Noto flu- unit of specific resistance and specific conductivity. 

If a solution is of concentration c {i.e. c gm equivalent per 
litre), liicn the volume in litres which contains one gram equi- 
valent of solute is 1/c, Therefore, volume (F) in cc containing 
1 gram equivalent of solute is = (l/c) xlOOO. Therefore. 

Equivalent conductivitv. | = k V = {2)-XV^l 


where k is the specific conductivitv of a solution of concentra- 
tion. c, i.e. c gin. equivalent of the electrolyte per litre. This 
equation is very import.ant and useful for solving numerical 
problems. It is to be noted that since k is in mhos per cm and 
volume is in cc. the equivalent conductivity which is their product 
should have the unit mhos cm*. 


Example 6. .1 X!10 /lohflion of Kfl has n specihe conductivity of 
O'Of mhos Firtd thr. vffuivait'itt conduct ivittj, 

^XlOOO OlllSxlOCO 

Thoreforo. J - = 111*9 units (mhos cm*). 


Relative Speeds of the Ions— The amounts of the cations and 
anions liberated at the respective electrodes are indeed in 
equivalent quantities, but the speeds with which the cations and 
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the anions travel in opposite directions are not necessarily equal. 
The true mechanism of conduction is made clear in the foUowing 

diaeram. 

ANODE CATHODE 


+ 


II 


III 


IV 


+ + + + T 


r + + + + 


+ -f + -r + 


T- + 


•r-r + + -r +-r'r+-i-+-r + 


+ + -r 


■r + + + • 


+ + + 


+ 


+ + + + 


T 4' -t- -r 


T T V 


Fig. U8. Migration of Ions. 

In tlie iigurc, the positive ions (cations) and die negative ion^ 
(anions) are represented bv ( + ) and (-) signs respectively. Hk- 
condition before clcctrolvsis is shown in I., an equal number ol 
positive and negative ions being present uniformly throughout the 
solution. For convenience, the electrolyte is clivulcd by tuo 
imacinarv partitions rcprcsenicd by doited lines into three com- 
partment's, the cathode compartment, the central compartment, 
and the anode compartment. Each compartmem is shown to 
contain 5 positive and .■> negative ions, i.c. .) complete molecules. 

Suppose on establishing the electric ticld. only the posttwe 
;o»v- move and not the negative ions, and let the cunent 1 c 
continued for such time that each cation 

forward, i.e. three cations cross each partition. The ° - 

represented in Fig. 88-11. Each compartment should be clccin- 
callv neutral and so, not onlv the three cations will be discharged 
on the cathode but also the three anions which arc left witlunit 
partners at the anode compartment will be discharged on diL 
inode Thus, though the anions have not migrated ; 

nevertheless these ions have been liberated on the anode pist the 
same Fu hc^ conce«/r./ion of the electrolyte cathoci 

rmpartinent furs not chanfred and only the anode comparinuni 

has suffered a fall in concentration. 

KVvf ^uhtyose that both the ions move at equal rate . -m. 
,hcn whilst, sfy, two anions have crossed 

towards the anode, two canons t«jl more .,,,,„ed hv 

m Thotoin^o no"f 'is'’"hrt ", hi."/" /I c'o„cc,„r,„o„ 

rolnd each electrode is to the to 

ions liberated on each electrode is the same and i p 1 
the sum of the speeds of the cation and the anion. 

oniorThTXde^wotionr:^^^^^^ PeUi:!. 'in .ovin. 
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/Z migrated across the parti- 

nons m the opposite direction. This is represented in Fie ^-IV 

ir Humfrer of ions deposited 

snepH? f ^ is proportional to tlie sum of 
. pe^s of the cation and the amon ; but. the decrease in concen- 

foIlowI„7c™dusbm: "" 

[a] The quantities of ion liberated at each electrode, due to 
electrolysis arc in equivalent amount, independent of the relative 
speeds of the different ions, and arc proportional to the sum of 
the speeds of the cations and the anions. 

1 in concentration round an electrode is nro- 

portioiial to the speed of the ion leaving it. i.e. 

Fail in CQi;ccntrrt t/o« roH»f/ cathode speed of atiion v 
Fall in coucentrah'on ~round anode ~ ""^J^d~of cation^ » ' 

A further point to note is that the central portion suffers 
no change m concentration and the onlv change in concentration 
that takes place on electrolysis is in the vicinity of the electrodes. 

fransport Numbers — \yc have shown in the previous section 
' lat the cations and the anions do not take equal share in carrv- 
tng the electric current since they move with unequal speeds. 
I he jraeijon of the total quantity of current carried across by a 
^irticiilar type of iun is called tlie transport number (or Hittorfs 
Number) <>) th<it ion. Evidi ntlv, the transport number for nnv 
inn is pmporiifit.il to its .speed. Therefore, if the transport 
nninneiH for xhr , .uion and ilic anion are -md Ua respectively 
• t| tluir spe. .-ie n and f i especrivelv. we have 


n,-~- 


Hn — 


//.- - ii„ 


(4) & (.’,)-XVI 


Transi’oki XtiMUKK OF 'alucs of transport 

miniher larv sli^htlv with 
eoiueniration and tempera- 
ture and tend to heconic 
equal tor the two ions as the 
temperature rises. In the 
table are collected some 
transport number values 
which give a fairly good' 
idea of tlie relative speeds 
of the eaiion and the anion. 

Experimental Determi- 
nation of Transport Number 

— Iransnoif numher i'; determined cither hv Hittorf's method or 
hy the 'moving houmiary method, and onlv the former will be 
desnibed lure. From equations and (41 it follows that a 


( \TIO\S OF X 1(1 SOLUTION 


Eloflnilvtf 

* 

T I'.iit-'iiort nuirili('r 
• I raliiiDs. ly' ( ‘ 

irci 

0855 

K')lf 

0265 

l.iCI 

0-515 

KCI 

0-405 

\uN(\ 

0-471 

( 'uSO 

0.575 

(MI. 

0-710 
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S£r srS' £■ £rr't.;: ”=rs s 

electrodes. , . , 

The usual form of transport number apparatus used m the 

laborVtory is shown in Fig. Wl. The apparatus 

Umhed -ssel -neacd ^ ;^lno;f L w^th::-, 

^#p'£i"'3aisiS££i 

the of the transport mimb<:v oi ihc^ u.n> 

of silver nitrate the ^ ^staiuiarcT dilute s.du.i.Mi 

(less than decinormal) of silver nUKUC. 
In scries arc connccied a silver \olia- 
ineter. a rheostat, a batterv and sonutinu> 
al<o a inilli-ammeicr. On the passage <> 
eiirrcni (lO-lo milliamperes) Un 
hours, silver is transported from die anodf. 
compartment due to the movement ot 
the cations (Ag-^ ionsl unNauls catlun e. 
but ihe anode itself is dissolved out bs 
the anions (NO, ‘ ions) resulting m a 
net increase in concentration room 
anode. The amount of silver dissoUed 
out from tile anode is the same as that 
observed to be deposited in the siKei 
voltameter in scries or is easily calculable 
from Faraday’s lau\ w=zct. The diffcience 
between the* increase in concentration ol 
silver actually observed in the anode tidic. 
A, and the amount of silver deposited m 
the silver voltameter is the amount ol 
silver migrated from the anode towards 
the cathode. Therefore, this cpianiity ot 
silver migrated divided by tlic total quan- 
titv of silver deposited is the (rausfyort 

* V 



Silver electrode 



I'ig. 89 — Transport 
Number Apparatus 


number of the silver ion {Vide Example 8). 

Abnormal Values for tf,/” "u- Inu'li. 

of transport number are abnormal in f.ir da' anion, 

treater than unity (or the cation and the . athodu- 

In other words, the metallic U,^'’ formation <.f 

mieiates towards the anode. Plus is ascrioea lo ir-.iisport 

ionJ'. In cadmium iodide, which exhi assume.! that Hie solution 

number in and so cadmium migrates both 

;::::s L 0. anode gWing negative values (or Us transport 
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tiuniber. In fact, evidence from transport number determination constitutes 
a very definite proof for the existence of complex ions. 

Experimenta] Detennmation of Conductivity— The 

known IVheatslone’s meter bridge method is not suitable for the 
determination of specific resistance and specific conductivity of 
solutions. Because, the passage of current will be accompanied by 
tlie products of electrolysis accumulating on the electrodes which 
will change the effective resistance between the electrodes and will 
set up a counter E. M. F. Kohlrausch avoided this difficulty by 
using alternating current between platinised platinum electrodes 
so that the polarising effect of the products of electrolysis due 
to the current in one direction, will be neutralised bv the effect 
of the current in the other direction. The use of alternating 
current will necessitate the replacement of the galvanometer 
bv a telephone, as the latter responds to alternating current, 
'rims, the conditions of success are — 

fn) Tlio use «jf nil mil nr linn r»i/. nr any nlUMnatiii;.' rurivni generator 

u.atcad of a baltorv. 

% 

The use of a tf'lrphont, instead of the ualvaiuunctor as current 

detector. 

(<') The elccholyle soIoUdin slioidil he lonlaiiicd in a rJI a^nfaivinij 

pfijfifitt/n 1 1' t'frot/f'fi. 



ri-T. ’ >t u rniinat ioM of Condneli\ ity Fig. 91— Conduc* 

s<iliiho?»s tivitv Cell 

% 


The nnangfiiHiu of apj^arnius is shown in Fig. It is 
.111 iinlinary W'iioatsionc bridge arrangement with the modi- 
fications just referrod to. I’lic solution is contained in special cells 
in the gaj) while a standard variable rcsi.stance is placed in 
the gap 1\. 'flic alternating current of usualiv nOO— 1000 cycles 
per see. is obtained from an induction coil (I.C.) operated 
bv a small battery, ab is a uniform |>latinmn wire stretched 
.liong a scale graduated in millimcicr. The telephone is connec- 
ted to a sliding contact and the binding screw in between the 
solution (X) and the standard resistance ('R'). Sometimes, the 
pn>iiions of the induction coil and the telephone arc inter- 
changed. On completing the circuit, a buzzing sound is produced 
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in the telephone. The sliding contact is then moved along the 
wire until the point of minimum sound is obtained Under thov 


(6)-X\l 


resistance of the soliition, p a 

circumstances, — i — j -- 3 , — 

standard resistance, R 0 

The lengths a and b are read off the scale and the resistance of 
the solution, P is calculated from the above equation. 

Since the conductivity of a solution rapidly increases ^vitli 
temperature, the cell should be placed in a constant temperature 
bath. Also, twice-distilled water (called condiicln-ily 'water) 
should be used throughout. 

Different forms of cells are in use ; a common form is shown 
in Fig. 01 which consists of a cylindrical vessel, in which two 
'electrodes made of stout platinum foil are placed. The electrode- 
arc of large area and are coated with platinum black, depositc.l 
on it by the electrolysis of platinic chloride solution. Connec- 
tions arc made bv platinum wires fused through glass tube-, 
which arc sometimes movable so that the relative distance between 
the electrodes may be changed. 

Calctdation of Specific conductivitx from Expcnmcntal Data— 
From the observed resistance, /’the calculation of specific resistance 
and specific conductivity could be made if the area of the elec- 
trodes and the distance between them be accuratelv known {vide 
Exam. 1). But the usual procedure is to calculate a factor for catli 
cell called cell-constant the product of u'hich and the observed 
conductivity mves the specific conductivity. The cell constant i> 
known bv using a solution of say. N/50 KCl. whose specitu 
conductivity has been accurately determined by Kohlrauscli an<i 
its K value is 0'002708 mhos at 25 C. 


Observed Conductivity X Cell constant— Specific 

Conductivitv 


iTl-XVl 


.'. Cell cons(ant = Obscrved Resistance x Spccifi ,,,.1 

Conductivitv ... (n)-A\ I 


If the observed resistance with KCl be P fiom ccpi. 

the cell constant, K= P. x (Kl'iTGa Therefore, if the observed 
resistance for any solution is P • (i.^. con(lucti^ iiy is 1;/ K tu 
specific conductivity of ilic solution will be 


tr f ' 

«-Kx--Kx ^ X 


(0}-XVl 


Variation of Conductivity with Dilution — Kohlrausch deter- 
mined the specific and equivalent conductivities of a number ol 
electrolytes at various dilutions. The following table is compiled 
from his data. 
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Xo/ma 

lity 


Sptcific Conductivity, k | Equivalent Conductivity, A 


KCl 


10 0 0982 

0-5 0 05115 

01 0-01119 

001 0-001225 

0-001 I 0-0001276 
O'OOOI ! 0-0000129 


Cij^cooNa 

1 

1 

CHjCOOH 

KCI 

CHj COOKa 

1 

t 

1 CHjf'OOlI 

1 

0-0412 

0-00132 

98-2 ' 

1 

i 41-2 

1 II -1 

' 1*82 

0-0247 : 

, 0-001005 

102-3 1 

1 49-4 

201 

0-00611 1 

1 0-00024 

lU-9 ' 

! 611 

2*30 

0 000702 

0-000143 

122-5 , 

70-2 

14-3 

0 0000752 ■ 

0 000041 

127-6 

75-2 

41*0 

0-00000768 : 

0 0000107 

129-5 

76-8 

107-0 

1 


For not too concentrated solutions, the specific conductivitv 
continually decreases smth dilution. This is due to the fact tha{ 
though the total number of ions increases with dilution, owing 
lo increased dissociauon, the number of ions per c.c. decreases 

IwLc/f 'v specific conductivity^ The equivalent 

FiV^qTunn^^^ witli dilution 

I ig. 9w) until It attains a limiting value, when on further dilution 

he value of equivalent conductivity docs not change. This 

hmi ting value of equiva ent conductivity is called the equivalent 

ionductance at infinite dilution and is denoted bv,j,. 

.j I ation from Conductivity Data — The con- 

ductivity of a solution depends upon (i) the total number of 
iorricrs or ions. («) the charge or valency of the ions and (m) the 

speeds of the ions. For 
■<*1 ..... ihc same clcctrolvte. 

therefore, the variation 
of equivalent conducti- 
vity with dilution is due 
to the change in the total 
number of ions produced 
bv the dissociation of 
the electrolyte, since 
Arrhenius assumed that 
the speeds of the ions did 
not varv with dilution. 
He assumed that as the 
) gels di’uted. more ions are produced due to the increased 
d: ' .lion of tlic electrolyte, until finally it gets completely dis- 

• • > :1 into ions, when the equivalent conductivity reaches it.s 
H ::ig value ( and does not further change with dilution. 
.< the cqmvaknt conductance is proportional to the total 
iiiuulier of ions, and „ signifies complete ionisation, we have, 

.1 


/ 



1 

/ 

1 


1 

1 

r 

1 


1 

1 

) 

1 

( 

• 

/h bf — 1 » 





tlVllv 


a = 


.f 


u here i 


... (lO)-XVI 

- - is the degree of dissociation at a dilution where A is the 

<quiv;iknt conductivitv. This is a very important relation and 
is much used for calculating the degree of dissociation, a. (P. 204). 
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The validity of this calculation of the degree of dissociation, 
a is meaningless in the case of strong electrolytes {vide next section 
and Ch. XVII) and the value of i thus determined, is hence better 
called ‘conductance ratio' in such cases. 

Dissociation of Strong Electrolytes —The above view of 
Arrhenius regarding the increase of equivalent conductivity of a 
strong electrolyic with dilution as tlue to an ittcreasc in its degree 
of dissociation is hardly given any credence nowadays. We now 
know from X-rav evidence that a strong electrolyte even in the 
solid crystalline state is an ortlered assembly of ions without anv 
existence of neutral molecules. This is also in accord with our 
idea of electrovalency. Such solids when dissolved in water or 
solvents having high dielectric constants would continue to 

remain as they were in the solid state i.e. would remain com- 
pletely ionised. The high dielectric constant of the solvent 

would naturally decrease tlie force of attraction between the 
positive and the negative ions and would thus help the ions to 
fall apart. This would be further assisted by the solvation of 
the ions by the solvent. 

It is hence believed that strong electrolytes arc complctclv 
ionised at all dilutions. The variation of conductivity with 

dilution is attributed to strong interionic attraction. A positive 
ion is retarded in its motion by the negative ions and vxce versa, 
and evidently this intcrionic effect decreases with dilution. 

Hence, the conductivity increases with tlilution and attains a 
limiting value in sufficiently dilute solutions, when the effect of 
interionic attraction becomes negligible. That the interionic 
attraction is a powerful force to be reckoned with becomes con- 
vincingly brought home if we realise that the electrical attraction 
between only one gram atom of sodium ions and one gram 
atom of chlorine ions when separated by the maximum possiljlc 
distance on the earth (i.e. on diametrically opposite ends of the 
earth) is still equal to quite a few tons weight. , , , , 

The effect of interionic forces has been calculatcMl and 
complicated mathematical expressions for conductivity and 
activity of strong electrolytes have been denyed after taking into 
account the various factors involved. A discussion of these is 
hevond the scope of this book and will not be further pursued. 

Kohlrausch Law— From the foregoing it is to be expccieil 
that the total current conveyed by 1 gm equivalent of an clectio- 
Ivtc when completely dissociated in a solution which is sutliciciulv 
dilute so that the effect of interionic attraction is ncghgiblc. i- 
the sum of the amounts of current conveyed by the cations_ and 
the anions respeciivcly independent of each other iiul o t to 
dilution. Kohlrausch from his extensive experimental work also 
came to the same conclusion known as Kohlrausch s aw of 
independent migration of ions, which inav be stated as 
The equivalent conductivity at infinite dilution of an clectrolyu 
is equal to the sum of the ionic mobilities of its consttiuetU tons^ 
ji, = Xc +Aa {Kohlrattsch’s !.au) ••• {ln-A\ I 
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where Xc and in the above equation exclusively refer to rhe 
cation and the anion respectively and are called ionic conductance 
or ionic mobility. This law of Kohlrausch is particularly useful 
in calculating equivalent conductance at infinite dilution (^o) ^t)r 
weak electrolytes e.g., acetic acid etc, for which a direct deter- 
mination is not possible due to tlieir low conductivity at hi^h 

dilutions. 

Experimental Determination 

of \„ — ^Thc experimental 

determination depends on 

the property of strong electro- 
lytes, first pointed out by Kohl- 
rauscli, that at high dilution the 
equivalent conductivity, ^j.when 
plotted against die square-root 
of concentration, t/c gives a 
straight line {Fig. 93) which 
meets the zero axis of concentra- 
tions at /lo, equivalent conducti- 
vity at infinite dilution. In other 
words, at high dilution, and 
c arc related bv the equation, 
j = j^-ky/c. /lo is cxpcrimentallv determined by this type of 
extrapolation for strong clcctrolvtcs. However, t is not observed 
to attain any sucli limiting value with dilution for weak clcctro- 
Ivtes as is also shown for acetic acid in Fig. 93. So, 4o for weak 
i lecirolvtcs can not be experimentally determined but has to be 
iiini[)iHed wiili the help of Kohlrausch law. 



Fig. 93 — Extrapolation of /f. 


Ionic Mofiility. ?. — ’I'lie values of ionic 
\idiiulv proportional to the speeds of the ions. 

. . A, ^ •• i.. 

, ti A,. 

.. iran.'po'. ; number, »<•— 


II - '0 A, -i- /.a 

or >inularlv, 


conductances arc 
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So we arrive at the verv useful rcMiU that ionic mobililv is 
nicrclv the product of die transport mim- 
' ir ;ind equivalem condiiciivitv at infinite 
• lilittion. Tiiese two equations arc u.scful 
luv calculation of ionic condiiciancts 
minbilitiesl. Some ivpkal values arc col- 
liited in the following table. It may be 
.'li>ervcd tliat llu- mobilities lor H'*' and 
OH' ions are verv high in comparison 
. ith those of the other ions. 

Absolute Velocity of Ions —It is tin 

vHoiitv of an ion in ciu f'* f second wh: :i 
II moves under an ilceuic field due to 
two i lcetrodcs placed I cm. apart and having a potential clifTv ivncc 


Ion 

Mobility 

A,- and 


318 

Xa + 

44-5 

K 4 . 

65 

+ 

56 

OH- 

174 

ri- 

66 

Rr- 

67 

ClI COO- 

34 
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of 1 vole between them (i.e. under unit polenliul gradient). So. 
the unit of absolute velocity is cm per see per (volt/cm), i.e. cni- 
per sec per volt. The following relations have been theoretically 
deduced — 

;.c= t/ X F; /.a=KxF ... (14)-XVL 

and so, Ao — F{C/ + V) 

where V and V arc the absolute velocities of tlic cations and 
anions respectively, and F stands for one Faraday of electricity 
(96,500). Thus, the absolute velocities of hydrogen ion and 

318 . 66 


chlorine ion arc 


and i.e. 0 00329 and U 00U685 cm. 

9G,u00 96,o00 


per sec, per unit potential gradient. The usual speed of the 
common ions are of the order of 10” ‘ cm. per sec. per unit potential 
gradient. In other words, an ion moves about 1 cm. per hour 
under 1 volt per cm. 

Applications of Conductivity Measurements —Since conduc- 
tivity is a c|uantitaiive measure of the amount of ion present in a 
solution, it linds varied application in research and indiistrv 
wherever electrolytes are involved. Some typical examples are 
discussed below: — 

(i) Solubility of a sparingly soluble salt— This is deter 
mined by a direct application of oq^uation (2) and (11). Kcmem- 
licring that the equivalent conductivity at such higli dilution is 
j,,, according to expiation (2) we have for a dilute saturated 

solution. 

.x l(KK) /cx U»«M) 

-‘»= c- = 

where k is specific coiuUictivity. Kut j „ is known from Kohl- 

raiisch's law, ?..■ + A- and /.„ being knoun from Tables 

or separately determined from experiments with suitable salts and 
K is expcrimcntallv measured and so we know c, ilic solubility ot 
the salt in question. 

Kxami'I.F/ 7 — 7Vtr con/lur(ivit^ of a sttluUnn yt/ttr 

rhloridc is J- iflX l"-' soluhUit y Ihr I'lo'n- 

/i(t/ data on 

A = ' Ag-I- ^Cl 56 + = 122 

But^, =Mr X 1000/r or 122 = 1-36 x 10-^ X 1000, .- 

Solubility of AgC’l. r = 1-36 X 10-‘ X 1000/122 l llxlO ' 

So)ul>ilily Product (l-jV/c C’li. XVII) = r- l'23xl0-'“ 

(ii) Conductometric Titrations — If an acid is tiirateil ''hi* * 
base, the fast moving H* ions get replaced by the cation of the 
base. For example, on titrating HCI with NaOH tlu II'*‘ions, 
uhich have extraordinarily high mobility, arc progressihh ieplacc<l 
hv the much slower Na"*" ions in course »»f the ntiatifui. 
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As a result of this, the conductivity of the solution decreases, and 

attains a minimum value at the 
neutralisation point. Beyond 
the equivalence point die con- 
ductivity again increases as more 
electrolyte is now added to the 
system. So, if we plot the con- 
duedvity of the solution in any 
arbitrary unit against the volume 
of alkali added, the curve would 
look like two straight lines meet- 
ing at the equivalence point as 
shown in Fig. 94. This be- 
haviour can be used for locating 
the end point in volumetric 
analysis for, wc may determine the conductivity of a few soluuons 
before and also beyond the equivalence point, and draw two 
intersecting straight lines as shown in Fig. 94. The volume 
corresponding to the point of intersection gives the equivalence 

point. 

This method can also be applied for titrating weak acids or 
bases (Fig. 94) as also for finding die equivalence point in precipi- 
tation reactions. The location of end point by electrical method 
is called electrometric titration and so. conductometric titration is 



C.C.BASE ADDED 
Fig. 94 — Conductivity Titration 


.a ivpe of electrometric titration. 

(bo Other Applications — Among other applications arc^ the 
determination of hvdrolysis of salts of a weak base (fide Ch. XVII, 
P. ‘JiLb. the determination of the rate of a reaction involving at 
least f'lie ''Iccirolvic (for example, hydrolysis of acetic anhydride), 
rlu (k'tennin;uiun of the ionisation constant of water {vide Ch. 
Wll, I’- - i:b. control of the purity of water and of various indus- 
trial pi'- ->se.«. etc., for details of which the student is referred 
to a more ailvanccd text-book. 


E.xample 8. I» a (ranfpint nunihi.r ixpiTlincnt, a solution of silcei 
uilratt corit(iinin-j ;/»«?. jut ijin. of trater u'os used. Durimj the. ri- 

■ptrimeni U-QiSS ]ini. vf sHvt tftis deposited i»i a sih'er voltnmcter jdaced in 
series ivith the (ronsport apptiratus. After the. expt. 2i> ijnxs. of the anode 
soliilion contained 0 25o$ of siher nitrate. Find the /roH«/wrt niimbcT 
of silver and nitrate ions. The electrodes arc of silver. 

Before cxpl. 25 gin?, of water contained 0'0074 x 25 = 0 185 gm. of 
silver nitrate, .\ftor expt. 25 gms. of soln contained 0'2553 pni. of nitrate. 

• Increase in sil.er nitrate at anode = 0'0705 gm. = 0’0446 gin. of 
.Ag. But 0 0785 gm. of silver has dissolved from the anode.; therefore the 
ainomil fd silver transported from the anode coinpartnienl = 0‘0785 — 
0 044o ()'0339 gm. 

'rianspoil miiidicr of silver ion = 0 0359-!- "0785 = '432 = 432% 
Transport nuiiilxr of nitrate ion = 1— ’432 = •568 = S6'8‘o. 

Ewmi'IE 9. The cmid'H-tivUij of a dvcinornwl solution of sodium 
rhltiriih is o-oo'i/X. Tfn ionic roiiductaiices nf S'uliu/n and chlorine ions at 
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ihd name temp, are .^3'2 ami tio'S reepertiveli/. f'a/ctilofe the dvrjree. of 
dissociation {ronductance ratio) at this temp, 

, _ K X 1000„ 00918 X 1000 _ ovr 
c •! 


+ A® — 43‘2 + 65*3 — 108*5 
a = /L — = 0'846 or 84’6 per cent 


108-6 


Example 9. The molecular rondurtii it y of n solution of sile- r nitrote 
at infinite dilution at 18‘‘C is Jir.'fi The tron.^p-nt n,iml» r for iiilrafe ion 
in silver nitrate is 0-53. Find out the velocity of silver ion for n jtotentinl 
drop of m volts ic’r cm. 

>lc = yIo X ’‘^ = A^ X = 115-8 X 0-47. 

u =;^y/'=(115-8x0'47)/96, 500 = 0-000564 cm. aec. |ier unit |)Ot. ”ia«l. 


Velocity for 10 potential gradient = X0x«=0 00564 cm. /sec. 


EXERCISES 


1. Stale the law.s of electrolysis. The .same cuneiit is pa»»cil l!uou^ill 

acidulated water and a solution of stannous diloride. What volume ot 
detonating gas (mixture of hydrogen and oxygen} measuied dry at 0-( 
and 760 inin pressure is evolved t.-om tlie water when one gram of tin 
is deposited from the ether solution (Sn = 119.) [0282 liiu-sj 

2. Calculate the volume of electrolytic gas evolve<l (at N. T. IM 

and wt. of coi>per deposited when a curienl of I ampere is passed for 

forty-five niiiintcs through a voltameter eonlaining aridulated w.iler and 
one containing copper sulphate solution •onlaining copper eleiliod.-, 

[0-472 litres ; 0 885 gm. 1 

3 Stale Faraday’s laws of electrolysis. A current passes througli 
solutions of («) silver nitrate. {//) copper sulphate and (c) andidale. 
water. What amounts of silver and copper will be deposited in (o) and 
(/;) respectively in the time 300 c. c. of nydrogcn at N. T. P- 

(c) ? (Ag = 108; On = 63). [2-893 gms ; 0 8437 gins J 

4 What is meant bv the transport number of an ion Y How i.s it 

determined ? A molar solution of Cdl, showed an anion transport numbev 
of 1*12. How would you account for the result? 

6 An aqucou.s solution of copper sulphate is cleclrolyse.l between 
copper electrodes until 02294 gram of copper is deposite.l, Befoiv 
elcAi-Qlvsis tlio solution at the anode contained 1 1950 gnis. of loppvi 
and after electrolysis 1-34 grams. Calculate the Jg'l 

copper ami Jiulpliate ion. ' . 

6. (Jive u xhorl account of the theory of olciholylic 

indicate what explanation it gives of (a) electrolysis ami (h) the heat of 
iieutrolisalion t*f a strong ucicl hy a strong ba.se. 

7. How does ordinary dissociation differ from electrolytic dissoc.a 

lion ? , - 

8. What arc the products of electrolysis when the 

elcclrolvned and why ? (.') Fu.-^cd sodium chloride between ■ 

(ii) Sodium chloride solutions between ^,<‘'7,. Js .r 

iulphalc solution between (a) carbon poles and 

Silver nitrate solution between (</l platinum p<des. ami (>>) mI'.i tminin. 
positive and copper forming negative polo. 

9. Give a brief account of the Arrhenin.s .•'..i', 

dissocialion. and show that it provides an explanation for ilu abno.na 
oftmolic pressure observed in the case of electrolytes. 

17 
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10. State how you would proceed to determine experimentally the 
specific conductivity of a solution of acetic acid. 

n. Write short notes on (a) Transport number (6) molecular 
conductiMty (c) Kohlrausch’s law and (//) specific conductivity. 

f specific conductivity of butyric acid at a dilution 

of 64 hires (i c. 1 mol. in 64 litres) is l-812xl0-‘ r.o. The equiv-con- 
ductivity at infinite dilution is 380. What is the degree of dissociation, the 

concentration of hydrogen ions in the solution and the dissociation constant 
uf the acid. 

[a=3 05%, [H+]=4-77xlO-^[Xj; 1-422x10-’] 

13. Find out the velocity of K+ion in aqueous solution at IS'C under 
a potential gradient of 6 volt per cm. from the following data for 

Kt’i at 10“C = 130. Transport number of Cl" in KCI=0-495. [0 004 em/sec.] 

n.nofJi specific lonductiyity of a 0-1 molar solution of a 1-1 salt is 
UUOy^O. Calculate the equivalent (.-ooductance and the amount of 
dissociation, given that the equivalent conductance is 108'9 at infinite 

[920: 84-5 per cenl] 

15. The Oslwald dilution law constiint fur ammonia solutions is 

17 X 10-‘ Calculate the amount of dissociation in a 0-1 M solution of 
ammonia. [l-304xl(r=] 

16. Calculate the degree of electrolytic dissociation of monobronuicelic 
acid from the following data : 

V in litre .. 32 128 a 

Ar ... 73-2 130-4 385-9 

What is the affinity constaiil nf the acid? 

1 18-9\, 33-7% : 1-39, 1-35x10- M 

17. L.\|ilaiii wlial is meant l.y e<|niNiileiit coiulucliv ily of an elect rolytv. 
Describe the inctliod yi<n wmil I ailoiil lo ineasure this quantity, as also 
tlir value at infinite tlihiiion. 

18. it possible to ilelenmne till- I,, iqiiixaleiit londnctivity at 
iiil'iiite liil’Jlinn t'lir liyilrm bloric acid :inil arelie acid by the saiiic experi- 
iiie'iial procediiie Disiii” lliorinigldy ibe | rimiple-s itnohed. 

10. .\ctlii acid and aMinonia liave the same value fur iheii ionisatum 
l OiiM Oils ill it ::iv<n U-inp rilnre. It the pll of ji solution of iicetie acid i.s 3. 

' .1 i- Ibe pH of an .ini'r- ’Ilia 'oluli.in ..f , i]u;d luotar sire:i;ilii. i //Kw-S] 

'-'•J. \\ li.n is llie ii’iit for the fullowiii, ; — (<il s|iecilic eondiutivitv, 

O' ripiivaleiit itii!diieti\il\ Ir.ui'poit I'liiiilirv ((/) eel) von.'-taiU and 
i 'soeialioii eniislaiit 

Condinlivitv water b.^' .i 'luiilie ci’iicinciiviiY of lO"" nilios cnj“‘. 

♦ liniiuii'lcr iaii uivxmivl* lu iln* luii-o 50 in lOOO nhnis, \vh;il .should lie 
t I uiul ot till* ct'lt I’iui liuiles In l»c used fov the 

' rcU-cuibtiuu fur iiilvrclci tioik* di>tuiKo area ut electrode) in the 


Piove that ili*‘ a* 

• I: tin* ls\o eleel Vo 


inrt.iUuu ap|iMi\irtiatC'lY eijual lo the difelnnee- 
li\id» tl hy the ineoii ;ire;i uf the oleclrodcs. 
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IONIC EQUILIBRIUM 


Ostwald’s Dilution Law — Ionisation of Water — 
Hydrolysis — Solubility Product 


General — If a binary electrolyte BA is dissolved in water, a 
portion of it breaks down into ions B"*" and A", which are in 
equilibrium with the undissociated molecules, BA. 

BA <=> B+ + A' 

e.g. CH3C00H4=>H+ + CH3COO- 

The fraction of the total number of molecules present as ions 
is known as the degree of dissociation of the electrolyte. The 
degree of dissociation will depend on dilution and as a general 
rule the more dilute the solution the greater is the degree •>( 
dissociation. 


X.B. Thu rcasuii for increased dissociation on dilution is that the f<ir- 
wjird reaction is directly proportional to the concentration of It.V (uniniolc 
cula r) wliile ihe reverse reaction is proportiontil to llio proiiiui of conceatiM* 
tions of aatl A" (binioieciilur). So, on diluting; to say. tloulile volnnie, the 
speed of the direct reaction falls to half but that of tlie rcser>e reaction 
falls to ono-fourth only, and so, the reaction goes towards tlic forward duet- 
tion and the e<)uilibrium gets displaced to the right. 


Ostwald*s Dilution Law —Suppose that originally one gram- 
molecule of a binary electrolyte, say. acetic acid, is dissolved in 
'v' litres of water arid that at equilibrium a fraction ‘a of it i-' 
dissociated into ions. 


CH3COOH 

Then, as a result of ionisation, ‘a 


CH.COO- H+ * 

mols of CH.COO" and » 


niols of H+ and 1 -* mols of undissociated acid will he lucsem. 
Applying the law of mass action, we get. 

[H+Jx[CH3COO-1 

U-*) 


Ka = 


(I)-XVII 


ICH3COOH) ( 1 -xHi 

where Ka is the ionisation constant or the dissociation constant 
of the acid. Note that Ka bas the dimension of tonccntratimi. 
and like any other equilibrium constant, is a constant only at a 
constant temperature. This equation representing the variation 
of the degree of dissociation with dilution is known as Ostwuld's 
dilution law and is an extremely important relation in die realm 
of elcctrochcmistrv of solutions and should be memorised. 


•The hydrogen ion. H+ is present ui water .is the livdroimim ion. 
.» /H+ -pH,0). However, for the sake of simplicity wo siia 1 

throuKhout use the symbol, H* for hydroKcn ion, solvated or unsolvalod. 
remembering that the hydroted ion is present in water. 
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Since the degree of dissociation, a is generally determined by 
conductivity measurements, the above formula can be put in a 
different form by substituting ,i//iofor a (eqn. 10-XVI). 

It then becomes — — - =Ka ... ... (2)-XVII 

The dilution law was tested by Ostwald and others by 
conductivity measurements and was found to hold good fairly 
well for weak acids and bases. The following table compiled for 
acetic acid shows the constancy of the dissociation constant, K. 

f 


Dilution 

1 

Degree of Di,«.sociation 

Dissociation constant 

1’ {titn:;i) 

1 

L 1 1 

a {per r.rnt) , 

1 

K^XlO* 

1 

0-994 ' 

1 

' 0-40 

1*62 

202 1 

1-614 1 

' 1-88 

15-9 

1-66 

1-76 

18-1 

1-78 1 

1-78 

1500 0 

14-7 

i 1-69 

7480-0 

30-1 

1 

' 1-72 

1 


It would be seen that the value of Ka for acetic acid remains 
fairly constant for a wide range of concentration. It is of interest 
to note that the acid is dissociated to a verv small extent under 
ordinary concentration ; a normal solution is dissociated to onlv 
<r 10 per cent and even a thousandth normal solution is dissociated 
to oniv 12 per cent. 

if ihr degree of dissociation is verv small, as is usuallv the 
CISC tor uiak electrolvtcs at ordinarv concentrations. (1-x) is 
ahiuisr ecpial in iinitv lud so the dilution law Ix'comes 

K or. t - ■■■ (3)*XVII 

at i'. f ir weak i lettrolvtcs tlir dffrrfc of dissocialiou is invcrselv 

■ ‘■■rf 'I'll /(> the square root of conccntraljon. The above 

’ ' ‘11 (an he interpreted in other wavs. It dircctlv follovis 

•r l:io aCuA' acids the dc^rers of dissocialwn are directly 
'■■rlioitnl to ‘he square root of their dissociation constants. 

■ . ii ( =1. 1 v' K or in other words, the deforce of dissocia- 

■ ' :i o/ a normal solution of a zeeak electrolyte is alyprox-imatcly 

■ to the square root of its ionisation constant. If t is not 
negligible in comparison with unity, the equation becomes a 
<|uadr:itic one with respect to x and on solving gi\es 

K-e / K-r‘- 

^ +j/ Kt-4. ... ... (4)-XVn 

The physical significance of the dis.sociation constant K can 
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be derived by substituting the value a=i in the dilution law; 

(0-5)=c c 


K = 


or, K = 


or. c=2K 


0*5 2 

In other words, the conceiitratiov. at which the electrolyte is 
half-dissociated is twice the value of the dissociation constant 
For acetic acid. Ka is 0 000018 ; therefore, at a concentration equal 
0*000036 N (1 gm mol dissolved in 13,850 litres approx.) acetic 
acid will be fifty per cent dissociated. 

Example 1 The ewrifir roiufuctirity of a 0-’,% sofufton of aechc 

^ 

c= ( 5 / 68 ) niol./litie, a = A/.V- a = X 1000 ■ <- - 5 25 :iu.I 

An = ji.n+ + >lcHjroo“ = 318 + 34 (P. 254). =552. 

= 1-942 Xl0'■^ 


= *0149 


K- = 


trr 

l“i 


fliC 


Example 2 -I ,lrci-»onnof Molution of arctic arid ioa^-d (■ 
e^tcat. of fJ per rent. Find the ioni^ntion constant of acct,r arul. 

[H + ] = OlNxOOlS = 1-5x10-’ N 

tCH,(’0O-J = H+ ^ 1-5x10-’ N . , . 

U., dissociate, I a,-.d, ICH.COOH] = ...tal-dissocal .-d 

= (1-rt).- = (1-0-015K = 0-987x0-1 

K- _ [H + j fCH'COU-l ^(1-3x 10-’)^ = 1-71x10- 
•■* fCH.COOHJ 0-987 x 0-1 

Validitv of the Dilution Law —The dilution law holds good 

only for wSk electrolytes, viz. orsttnic acids .intl 

,wl hold for strong electrolytes liccansc, the latter arc comi>lca > 

di,sLciated at all dilutions, and the conductance ratio does 


Dilution 
(r /ifrvft) 

« = J. 

. 1 -. 

1 

K - "V 

, (l-«)-- 

] 

1 1 

i 0-756 

2-550 

5 

! 0-831 

0'815 

50 

0-925 

0-824 

1000 

0-980 

0-048 


represent their degree of loiusiition (vidt% Ch. A\ i, i . 
it applies in the case of acetic acid but not for sodiuni acetau-. 
which latter is a strong electrolyte. The foregouvj table bu 
potassium chloride shows clearlv that the dissociation constant. 
K calculated on the ba.sis of the dilution law and (onductaruc 
ratio shows a great variation for strong electrolytes. 

The explanation of this anomaly was given bv ^^dtK-^ (1012). 
Ghosh (1918) and by Debye and Huckel (1023). “ 

compleu- dissociation, discussions of which are well l)cyond rlu 

scope of the present book. 

Equilibrium between Electrolytes in Solution : jEffect of 
Common Ion —If two electrolytic solutions arc mixed the degree 
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of dissociation of each is usually changed. This change in con- 
centration may be large if they contain an ion in common. The 
interesting case is that of a weak acid or base in presence of 
ions of its salts. 


For^ example, if to a solution of acetic acid some sodium 
acetate is added, the ec^uilibrium will change. Acetic acid ionises 
giving H"*" and CH^COO" ions and there is established the 
equilibrium, [H+] xICH^COO- l=K„x[CH,COOH]. The intro- 
duction of sodium acetate which is almost completely ionised 
increases the concentration of acetate ion and since the concentra- 
tion of unionised acetic add can not increase very much, as the 
dissodation is usually small, the concentration of [H'’"] ion should 
proportionately decrease to maintain the same value of the 
equilibrium constant. Therefore, we may propound the rule that 
the introduction of a salt ivith a common ion decreases the degree 
of dissociation of a ueak electrolyte. The exact relationship can 
easily be derived on the 1-asis of the dilution law, when it can be 
shown that if the added substance is a strong electrolyte and 
tlic substance, whose degree of dissociation is considered, is a 
weak electrolyte, the degree of dissociation is approximately 
inversely proportional to the concentration of the added'suhstancc. 
the proof of which is left to the student as an exercise. 


Isohydric Solution — If on mixing together two electrolytic solutions 
li.'ivinc; u common ion there is no change of the dcijree of dissociation of 
MV of them, such solutions am called iWiydrir The relative 

concentration at which two .solutioixs. say, two acids become isohvdric 
* • a 0 1« IjOt ns .suppose that two solutions containing 

rrspcftivoly the .iciiis H.\, and HA. be isohydric. Let \\ and v, he the 
"liu'itnl \.. lumps of the two solntion.s .ind u, and o, be their respective 
<l< L^rei's of dissociation. On mixing, the total volume becomes r, -f r, 
an.l Ujp liy.lrogpii ion conrentration Applying Ostwald's 

• iiiiifion law to the original solution we get. 


(l-a,)i\ 




'I.' 



.'.jMilying the dilution i.vw to H.\, in the mi.xed solution, we have 


= K,.. (c) 

IJivitling cqii. ('') by eqn. (n), wo have 


- I or or fH + ], = [H + ], 

{r, + f.)a, r, r,, 

Thoroforo, the condition of isohydricii^ that the common ion ^hoxthl 
/ficc the. Hdmt concentrnlion in both the be fort mixing and it 

depends in no way on the total volumes of the solutions mixed. 


Ionisation of Water -Kven the \mrcsi water is not an absolute 
non-conductor but conducts current very feebly suffering electro- 
lysis. This weak electrolytic behaviour of water is due to the 
presence of very small quaniiucs of hydrogen (H'*' ) and hvdroxyl 
(OH" ) ions, which arc in equilibrium with undissociated water 
molecules according to the equation. 

H,O^H+ + OH- 
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or more correctly, 2H3O ^ HgO'*' +OH 
Applying the law of mass-action, 

' IH+UQH-1 

[H,01 

Since in water the active mass of H.O is constant, we have 

[H+JxlOH-!-K[H.,0]= K,. (constant.) ... (6)-XVII 

''u,n 

prodlct is“nclcpcndcnt of whether the solut.on ts ac.dK or alk^hm- 
and has got the same value in all soh.t.ons [also -etdc Ch. X1X|. 

It may mv-ike things clear for beginners to lie pointe.l out th-it K„, is 

the ionic product of water but not the dissociation conslai^t of 

is K in cqn. (5) and iU value is 1/55-5 times that of since [H.O)- 

Mumher of mols of wattu- in one litre = 1000 18 - 55-5. 

Evidences for Ionisation of Water -The direct pr<x>f of tlie 
presence of ions in water lies in the fact that even tlte Purest 
water has got a small hut definite clcctnai! coiidta livity. I hat 
the ions are [H+l and (OH-) is proved hy the capacitv of water 
to catalvsc. though to a small extent, all reactions L.nii\\^cd h) 
acids and bases, and from a measurement of this caUilytic ^-^er 
of water an approximate estimate of its hydrogen and hydroxy 
?on creentrati^ns can he made. Anotlier <lef.nitc mdicntion hes 
ill the phenomenon of hydrolysis of salts (see latcr^ uhich can 
only be explained bv the presence of weak acidic and has c 
;‘u^cr of water. At room temperature (2.rC) the Ijyclrogcn ^on 
concentration of pure water has been experimentally found 
he ahum 10-' g/«. <•<■« per litre, i.c.m 10 nulhon lures 
is one gram of hydrogen ion. Therefore at 2.. C, tlic value lor 

Ihc alive constant, K„ = (in-’)’ = 1x10 ■ 

ExAMl-a: 3. S>. covductivity of pur.- ,rul. r nt r,^(' X " r.r., 

Calculate A'„. the ionic product of uater. 

Since 65-5 mols of water arc present in a litre. 

A^k X 1000/c = 0-58 X lO"’ X 1000 555 

- 350 + 198 = 548 

* [11+] = [OH-] = «■ = 1-9x10'’ X ^ X 

HencJ, K„= [H+] [OH- ]-(«)* = 110X10- ■' 

Ionisation of Doubie Salts and Complex Salts -Tho^^ 
both double salts and complex salts have got . 

• of their own in the solid state, they l.ehavc quite , 

solution with respect to dteir mode of '“"f 
salts behave in solution as just a mixture o ^ ^ 

whereas complex salts contain new ions as is illustrated ny 

ionisation below. 
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Double ao/i* Mohr’s salt, FeSO.. ; Alum, K.SO^ 

A1,(S0,),, 24H,0; Camallite* KCl, JlgCI,, 6H.0 ; etc. 

FeS0„(NH,),S0,.6H,0 ^ Fe++ + 2S0,++ + 2XH,- 

Complex salts : — Potassium Fcrrocyanide, K^Fe(CX)g; Ncssler’s 
tompound, KHgl,, etc. 

KgFe{CN), 4K+ + FefCN), 

Hence, the distinction between a double salt and a complex 
salt reduces to a difference in the degree of ionisation of the 
complex ion. If the complex ion is very stable and ionises very 
little it is a typical complex salt and if the complex ion is too 
unstable to exist at all and ionises completely it is a double salt. 
The stability of complex ions is so strong that potassium silver 
cyanide [KAg(CN).j| is actually injected into the human body 
for the prophylactic effect of silver salts and has none of the 
poisonous effects of the cyanides. 

It is however, possible to obtain salts where the stability 
of the complex ion is intermediate between these two extremes. 
Thus, KjCdfCK)^ contains sufficient Cd'*"'*’ ions as well as the 
complex (Cd(CN,)"“ ions. So the distinction between complex 
and double salts is not a sharp one and salts of all intermediate 
degrees of complexity exist. In other words, the double salts 
and complex sails differ in degree but not in kind. 


Sequestration of Ions— Heavy metal ions, which are usually 
precipitated out by reaction with anions, can be held in solution 
))y complex formation with suitable substances. This sort of 
masking of ions is known as sequestration and the complex-form- 
itig siihstances as sequestering agents. The most powerful 
se(juesieriiig agents, so far discovered, arc sodium salt of cllivlcne 
diaiinnc letraacetic acid. | (CHXOOH)„N - CH., -CH,-N 

aiul stune polvpliosphatcs. The sequestering effect 
of KDTA is so pronounced iliat it can even prevent the prccipita* 
ii(tn of IkiSO.. CaCO^, etc. Consequcntlv, these are extensively 
’i‘ed In iudtistrv lumadavs. wherever harmful heavy metal ions 
present, c.;'-,. in water softening, water treatment, fountain 
ink mamdaciure, etc. Based on this peculiar property of 
’ i r v. dirci t titration of licavv metals bv EDTA, callcJ comp’cxo- 
f liir.ition has been deNeloped and used for rapid and accurate 
•"O ition of sav. hanlness of water. The mcjsi likelv mccha- 
^ '-equestration of E.D.T.A. is formation of a polvdentatc 
through the two nitrogen atoms with the heavy metal 


I ' ) 


1 : • — 


-OOCH (’ 


(’H.fOO- 


II t'-N 


N-CH. 


oc-u^^'^^o-ro 


Equilibrium of Polyhalide Formafion— Bromine and iodine 
molecules owing to their high electric polarisabiliiv have the 
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peculiar property of combining with halide ions to form trilialidc 
ions, X 3 ", giving rise to the following types of ionic ecjuilihria. 

I“+ I, ^ Ij- ; Br-+ Br, J:? Br,-; 1“ + Br, — ■- > llh,- ; etc. (1) 


- V 


Therefore, if iodine is added to a solution of KI it dissolves to 
form the unstable complex ion Ij” according to e(|uilibriuin ( 1 ). 
Alternatively, we may consider a irihalidc ion to be a weak electro- 
lyte dissociating into a halogen molecule and a halide ion 
(l^" ^ ^ L + 1~) and obeying the Ostwald dilution law. The etjuili- 
brium constant of this and similar reactions can he easily 
determined by partition experiments using immiscible solseius. 
Thus, if tile above system is shaken with CHCl^. the concentration 
of free iodine in the aq. layer is known by applying Nernst distri- 
bution equation (P. 170) from that in the non-aqueous layer 

obtained by analysis. All other substances present are insoluble 
in CHClj. and so starting with known amounts of Kl and L we 
can calculate the concentrations of all the three ions, and lieir. i . 
the equilibrium constant. An example shown below makes the 
method of calculation clear. 

KxamI'LK 4. .1/ u-ot diKtrihuted mi tuf. . 111/111 khi 

of KI and t'-S',. Calridah- tin i/jiiilihriunL coiuilmit "/ ll" rimthni 

KI +/j N A'/,, in tliK m/ucoii9 Inytr, from tin- fnl/tin'iinj dn/'i ; — 
Total co7ic. of ! j ill the ai/. laytr = 0'U.ISJJ iind’i jlitr, ; tohd ranr. A/ 

ill the. «</. layi r = 0‘125 inolit (lit n- ; cone, of /, in t'S. imj' r =. ir/S'jn 

molf (litre ; co-tfftcient 1: = II fi = <j2o. 

Tlio equilibrium constJUil. K - 
indicating cone, in the aq. layer. 


H.l 

tKIJ LIJ 


till* souan-d InacUflN 


Now, cone, of free in HjO, i.c., ^ * 

[Ij- ] = Total eoiic. of I, in H-O — Cone, of free in H.O 

= 0 02832— 3-034 xlC-‘= 28 02x10"' 

[I-] = Total cone, of KI in water — Cone, of KI., 

= 0125-2802x10 '= 96-98x10 * 

28 02x10"' 


K = 


- = 95-22 X 10- 


3-034x10-‘x96-98x10-’ 

Hydrolysis of Salts — Acjueous solutions of neutral salts are not 
necessarily neutral in reaction and very often they are acidic or 
alkaline in reaction. Thus, a solution of potassium cyanide i'- 
strongly alkaline to litmus. The process whicli takes place is tin 
reaction of the salt with water liberating the free acid and the 
free base of the salt, which makes the solution acidic or alkaline- 
depending upon the relative strengths of the acid and the base 
thus liberated. This process of decomposition of a suit hy zctiler is 
called hydrolysis. 

The hydrolysis of a salt 15A. may be expressed in its simp'est 
form as follow's — 

BA + H 3 O 


BOH + HA 
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If the base BOH be stronger than the acid HA, the soluuon 
would contain an excess of OH" ions and therefore, would react 
alkaline ; on the other hand, if the acid HA be stronger than the 
base B(OH), there would be an excess of H ions and the 
solution would react acidic. If the base and the acid are ot 
equal strength, the concentrations of H'*’ and OH ions would be 
equal as in pure water and so, the solution would be neutral. 

The matter may be looked upon from a slightly different 
view-point. As shown previously, water contains a small 
concentration of and OH* ions and hence, it may be regarded 
both as a weak acid and as a weak base. So, when a salt is 
■dissolved in water, the water competes wth the weak acid or the 
weak base of the salt, as the case may be. with the hberation o 
alkali or acid. Evidently salts like sodium chloride wh^e atid 
and basic constituents are both strong will not suffer any 

^ A^third and theoreticallv the simplest method of dealing 
with such liydrolysis is offered bv the modern thcorv of acids 
and bases {vide Ch. XVIII. P. 294). It has been pointed out 
there that the ions are themselves acidic or basic and mis lies at 
the root of salt solutions being acidic or basic. Hence, these types 
of hydrolysis, arc often called cation hydrolysis and anion 

hydrolysis respectively. 

We shall now discuss quantitatively the three types of 
lndr„lvMS : -(-) The hydrolysis of a salt of a strong base a,,d a 
-arak acid ; {Hi The hydrolysis of a salt of a st eak hose and a 
strong acid: and {iiii'The hydrolys.s of a salt of a st-eak base 

<111(1 Cl -d fdlc acid. 

(i) Hydrolysis of a Salt of a Strong Base and a Weak Acid — 

Salts such ns potassium cyanide, sodium borate, sodium acetate, 
etc. fall in this class. The general equation for hydrolysis is— 

B+ ^ A- H,0 B+ OH- + HA 

since the base BOH. being strong, may he regarded as completely 
i')nisc{l. and the acid HA. being weak and particularly in 
presence of the higldv ionised salt BA, may he regarded 
iMulissmiated. 


as 


fOH-JxfHA] 


=K 


From the law of mass action, ^-r — ^ 

\A JxlHjOl 

Since the active mass of water. [H^O] is constant, 

[OH' 1 X |H.-\|^[/r^v Urecdci^ ^ 

^ [A"l [unhydrolysed salt] 

where Ka is called the hydrolysis constant. 

There are also simultaneouslv other equilibria in the solution 
represented by — 

[H*lx[OH-|--=K„...(0; ' -Ka (.’O 
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where K,® is the ionic product of water (P. 263) and Ka is the 
dissociation constant of the weak acid, HA (P. 259) 

[OH_ ] X [ HA] _ [ free base] x [free acid] ^ ^ 

Ka [^~ \ ~ [unbydrolysed salt] * 

i. e. the hydrolysis constant is the ratio of the ionic, product 
of water to the dissociation constant of the weak acid. 

Let 1 mol of the salt BA, be present in v litres (c=l/v) of 
the solution and let h be its degree of hydrolysis {i.e. fraction 
hydrolysed). Then, the number of mols of unionised salt 
l-/i, and the number of mols of free acid and base is both 
equal to h. 

h h 

10H-]x[HA| h- __ hh- 

[A-] ~ \ - h ~{^~hiv (I-/i) 


Ka = 


V 


_ K., 
ka 


(lO)-XVII 


Examples. Calculate the iUijrtc of hydrolusi^ yt a .lccinnT,,^Kt\\ 
solution at The elissonatum constant at lit A ix - . X 

the ionic jinKlact of water is J0~'* 


h^c 


K 


— 14 


- A' = " or 

(l-/0~ A' “7-2x10''' 


Nef{leflin}: h in thp denominator and solvin'^ wi- /rx 1 — 139x 
l0-‘ h = 1-18x10"- = 1-18 -p^r cent. 

(I'O Hydrolysis of a Salt of a Weak Base and a Strong 
Kxamplc.s of such salts are copper sulphate, ferric chlona< . 
ammonium chloride, etc. A similar line of rcasonirte; an< 
equations as the foregoing applies here except that the h.isc p 
here weak instead of tJie acid. Taking the general case of a sa t 
BA, whose base BOH is weak, we have 

+ A- + H.O^BOH + H+ - A" 

(l-Zi) h h 

[H + jxfBOH] [free acid ^ free base] 

.. Ka fB*] \unhydrolysed sail] 

Also, there are existing the following equilibria 
|H-^)x[OH-]=K,„; Const.) 

K,p_ [H+ ] X [K Q^l (Hydro/vsis C«HS/). 

*' Ki~ [B+] ^ ' 

If the degree of hydrolysis he h, the concentrations 

, ]_/i h , h 

B+,H+ and BOH arc respectively ^ and - 


ot 

where v 
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litres arc the volume comainine 1 mol of the salt. 


K;,= 


fH+]x[BOHl ft- 


h-c 


[B+1 


( 1 -/ 01 - (I-/ 1 )[ 


Since c 










(12)-XVII 


Examplb 6. (*alr.ulafe ihijrt-p of hydro! y^ifi of a ctntinonnal 

ommoMitm chforidp ^oluHon, Givpn thv di$9oe\ation con^tont for 
iunmoniii U ionic product of xcatcr 

/re K., /t=x-01 1x10-1* 

\-h “ ” K« I-/t “4x10-5 

or h IS 1*58x10^* 0*0158 per cent. 

{in) Hydrolysis of a Salt of a Weak Acid and a Weak Base — 
l-Aamplts of sutli salts arc aniline acetate, ammonium acetate, 
ferric formate, etc. Takinjj; the general case of a salt BA. where 
both the acid and the basic constiuieuls arc Vtcak, we have 

B+ -i- A- > H.O - — BOH + H/V 
(1-/0 (1-/0 h h 

K,, = f X I HA) ^ \frcc b(tsr]x{free add] n o. vvn 
[B'*’|xjA-| \u)i-hydrol\seJ salt]' ^ 

;\ls(>. iliere are co-cxisting the following equilibria — 


K., 


fBOfl) 
IHAlxlBOH 


= K,,: fH+ix[OH-) = K.r 


/r 


i-r, 


K K/, B+l-fA-j ii-/0 
/; 

I /. 


= K. 


K ' 


... (14)-XVII 


ileti* f, • degree -if hydwlxsis, in this case, is independent of 
■.•(nic i: • ,'/'-*// of the salt. It niav however be pointed out 
the snliii'dii is nor neutral but is acidic or alkaline according 
i' .re.iii r .-r less tluui K>, and is neutral (i.f. |H'’’| = fOH"|) 
i - u K'. ;uul K„ tire c(|ual. 

’ MN.K 7 ' ■' fhi d*'/nt '»/ /iydro!y<i,'* of ainmotiium aa totr. 

d'e i,it f4fr XH jfJ/ f' J X ^'xd that for (*n^C(t(tH 


/ K 




r kt /lo'-" 

/ K. . K/ = \/4xi-8xl(r- ■■■ 


lAperimenta' ileierminatiuii of Hydrolysis — Anv method for 
H (li'tei iiiinatio: i>f fn.-c tuid »>r free base in a solution may 
1 ..U sit'\e for th> duermjn.ition of the degree of hydrolysis. 
Thus, bv i.()iupariui; tlu itualviic effect of a salt solution on the 
rtiie of iinersioji of i ane '•ti^ar or on the rale of saponification of 
nicthyl acetate, with the effect in presence of a standard acid or 
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base, the hydrogen ion concentrations of ilic salt solutions 
become known and therefrom, the degree of hvdrolvsis and 
hydrolysis constants arc calculated. Other mctliods in\c)!ving 
conductivity measurements or hvdrogcn ion concentration 
measurements can also be used. 


KxaMI'LE 8. Assiimiiiij that the cnixiftiint/t nf amimiuiu •nnl 

Oi*.etic odd arc both ryiio/ to toh utotc the coi»4 i n( ration iff H 

i« the followiuij iioltititm : — (fi) .-( tnistnri rt»nlai$ittktj o r,t\ \ f JO ace fir tnttt 
and Ji c.r, X 1 10 cau/ftir soda, (//) .-1 mixtnrt ■ rfaitainitttj .7 r,r, X ' lo afn/ntotto 
and 3 r.r. X 1 10 ht/drorh/orir odd, {/onic trrodnrf for uiifrr =1x10^**)- 

The resulting solution is a N/20 (005N) sodium acetate 
hydrolysing according to the equation (’H,COONa -f- H.O — rr 

COOH + Na++ OH^ ^ 

Applying the equation. 


/re 


= Kti = 


K 


IC 




l^h Kn 

we have, ^'"X'05 _10' “ _ iq*. 

i-h icr^ 

Xeglcctin)T A in denominator. A- = 2x10"*. or A = r4lxl0"* 

[OH"] = Ar = 1-41 X 05X10"* = 7 0S X lO"- 
[H + ] = K,p/[OH"] = 10""/ 705x10"* =142x10"" 

(h) 'I'lic resuiiiii^ solution i.s a N 20 ( = '05N) .s<ihitinn of aiiiinuni lai 
eliloride. 


A- X'OS _K'r 
Kfc 


^ 1-41 X 10"* 


l-A Kfc 10"' 

1 11 + } = A / »• = A x*" = I '*! X OSx 10"* = 0-70 X 10"' 


SOLUBILITY PRODUCT 

Introduction — The solubilitv of anv substance is litik' 

# # 

affected bv the presence of another sohiic, a notable exce|)tioa 
l)cing electrolytes with a common ion. For example, one litre 
of water tlissolvcs 12 gms of lead chloride at 30“C, whel•ea^ one 
litre of normal potassium chloride solution dissolves only ahoiii 
(J o gms of lead chloride. 'Phis is 
quite striking if we recall that the 
solubility of any other solute with- 
out a common ion, say. lead stilpbatc 
would not change hv or Id per 
cent Ijy the same change of sohent. 

I'his has received a quantitative 
explanation from the principle of 
solubility product which wx* discuss 
below. 

Solubility Product Principle — 

Although the law of mass action docs not apply to the })ro;ess 
of electrolytic dissociation except in the ease of weak elecirolvtes 
{vide P. 261), it applies with considerable accuracy on saturated 



Fig. 9^-E(jiiilihriuni l>clwrt*n 
Ions and Proiipil alt* 
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solutions of Sparingly soluble salts. The dissociation in the typical 
case of a saturated solution of silver chloride may be represented 
as — 


AgCl 

{Solid) 


Ago 


± Ag+ + Cl“ 


(m solution) 

Applying the law of mass action, we get 
[Ag+]x[CI-] 


[Agaj 


= Kor, [Ag+]x(Cl-] = Kx(AgCl] 


The concentration of unionised solute, [AgQ] is constant 
since it is in equilibrium with solid silver chloride, whose active 
mass is indeed constant. 

[Ag+]x[Cl-.l=K, =const. ... ... {15)-XVir 

This constant K, is called the solubility product of AgCl. 

Taking die general case of a sparingly soluble salt BA, whose 
solubility is s moles per litre, the concentrations of and 

[A~]— assuming complete dissociation — are necessarily each equal 
to s gm ion per litre. 

Solubility Product, K, = [B^] [A"] =s=, (16)-XVII 

i.e. the solubility product of a sparingly soluble binary electrolyte 
is simply the square of its solubility in pure water e^spressed in 
gram mols per litre. Thus, at 20'C AgCl dissolvqs to the extent 
of V3 X lO''^ mols per litre : therefore, its solubility product. Ks 
is (l-3xl0--)* i.e. l-7xlfr‘". 


Salts giving more than Two Ions— If the salt is of the type 
.•\.e By. (A, By aA - vB"). the solubility product. 

K, = [A+px |B“ !■•' ... ... (17VXVII 

Tlierefore. ilie sohibility product of a salt may he defined as 
the greatest pttssiblc product of the conccnirations of its 
t niisiitutml ioius in its saturated solution, each concentration term 
raised to a power representing the numWr of ions of that 
formed h\ the dissociation of one moleade of the salt. 
I wl.ntlv. ihe solubility prodiiti of a salt is constant only at a 
:> u titular temperature. 

U is customary to express the conteniraiions of the ions in 
:i ’ calculation of solubility product in gram ion per litre, i.e. for- 
mula weight per litre, and not in gm equivalent per litre {see 
\ainplcs below). This is a very unusual convention in physical 
iliemistrv and should be carcfullv noted for computational purpose. 

KxAMri.E 9. 7’/ir totithilit!/ of chalh is (I'fi.Jlto per tOOO c.e. of 

...-'i.-Oofi. CatcuInU its sofulnlity product. 

Mol. 'vl. of CaCO.-lOO 

Solubililv. jms jifr lilre = 3'05x 10”* litre. 

• • » 

Solubility juoiluct 
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IS — as should he 
an clccirolvfc is 
but tlic solubility 
relation bci\'ccn 


EXAJIPLF. 10. The solubility of CaF^ is 0-0002 vwl per litre. Find 
tnlubility jtToduct. 

Since one molecule CaF, furnishes 1 Ca and 2F-ion5 
[Ca++J =0‘0002 gm Ion/ litre : [F“] =00004 gm ion/litre 

Sol. p.oduct = [Ca++] [F-]==0-0002x{0-0004)= = 3-2xlC 

SoIubiUty and Solubility Product -The concept of 
(vide P. 168 ) as the amount of a solute dissolved per lOf ^ 
of a solvent, can not serve the same purpose as the solubiiitv 
product The term solubiiitv is applicable to all solutes, whereas 
Lllility product has a meaning o^- -th rcfercMicc u, an 
electrolyte. The most important difference 
shortly pointed out— that the solubility ot 
diminished by the presence of a common ion, 
product nevertheless remains constant. Ihc 
these two terms is presently discussed. 

The Effect of a Common Ion — The effect on the solubiiitv 
of a salt of the presence of another salt with a common ion tan hi- 
easilv calculated. Thus, if we add KCI to a solution of AgCt, 
we should have according to the solubility product principle. 

[Ag+]x|Cr] = K. = s^ 

Hut the chloride ion is supplied by both KCI and AgCI and so. 
it the concentration of KCI be c and the new solubility of AgCl 
be .v'. we should have, since the salts are completely tlissociatecl. 
-s' and s' + c as the final concentrations of Ag'^ and Cl ions 
respectively in the saturated solution. But the product of the 
concentrations of these two ions, no matter what the source of 
these ions may be. must be equal to the solubility product and 

so we should have 

(s') X (s' + c) = Kg = s- ... (18|-X\ 11 

where the concentrations are expressed in gram niols or gram 
ions per litre. Similar eejuations for the more coinjilicatcd c.ises 
of unsymmctrical types of salts can be easily deduced. 

?2xaMI'I,E 11. Soluhilit,, of h ad sal,, had- in vUrr i.v X /"'* = 

calculate its solubility in a crntinornuil solution of sal,dn,nc o. «l. 

Solubility product K, = (1'03 x 10 ‘)-.-l06xl0 

r = 0-01N =0-005 molar; sul.sliinting proper values iii llif vqii.itinn, 
^ + wo have «' x ('I'+O'OOS) = l'06x 10^‘- 

Neglecting a' in the second term being small in emparisot. lo 0 005. ue 
have s' = 2*1 X 10^* 

It follows from equation ( 18 ) that the soluhilUy for a 
symmetrica! salt of the type BA would be_equally dinnn.shcd ^h^^ 

adding the same concentrations of A or B ions. ^ 

of thcNhcory of solubility product has been tested by Noyes loi 
sparingly soluble thallous chloride, in presence of excess of thallous 
nitrate Ld also of hydrochloric acid. His results arc given m 
the tablet which show good agreement with theory. 
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The theory of solubility 
product is most useful in the 
case of sparingly soluble salts 
since their saturated solu- 
tions are dilute ones and so, 
(0 the law of mass action is 
obeyed more accurately, and 
(iV) the salts may be regarded 
as practically completely 
ionised so that the concen- 
tration of the unionised 
solute is negligible in com- 
parison with the ions. Some data on solubility product are 
collected in tables to follow. 


Solvent 

SolubiHty of 
TlClinmol 
per litre 

1 

Water 

0-0161 

0-0283 (N) HCl 

1 0-0083 1 

0-0283 T1 (NOJ 

i 0-0084 1 

0-147 (N) HCl 

0-0032 1 

0-147TI (NO,) 

0-0032 i 


SOLUBlLITi' PRODUCT AND ANALYTICAL CHEMISTRY 

Precipitation and Sotiibility product — Since precipitation is 
governed by the principle of solubility product, the latter 
itceivcs important applications in the held of analytical 
chemistry. For example, if to a solution of cuprous salt, 
increasing amounts of chloride ion are gradually introduced, 
precipitation would start as soon as the product of [Cu+]x(Crj 
exceeds the solubility product of cuprous chloride. On adding 
more chloride ion, precipitation would continue such that the 
|Cu+|x|Ci"| in .solution remains equal to the solubility product 
of cuprous chloride. So. as the chloride ion concentration 
increases, the residual cuprous ion concentration decreases, and 
by adding e.xccss of the precipitating ion (here Cl" ion), the 
ii'-idual topper in solution can he reduced to a negligibly small 
Ibis is the reason why excess of prccipiiants has to be 
us'il in tjiiantirative analysis. Tins picture of precipitation is 
i \neiii(ly lieljitid to get an understanding of tlic dilTercnt proce- 
dures of analvtical chemistrv. 


.Analytical Group ] : The Insoluble Chlorides —Silver. lead, 
'oul imrdirous mcrcurv belong to this group as their chlorides arc 
ill'Minilv insoluliie whereas cldoridcs of all other common metals 
■ Miliil'lc. Tlie soluhilitv product (^O'C) values arc shown below: 


Sait 

1 

Soluliilitv. N 
• 

mills 1 liiro 

Solubility Pruiluct, 

■ 1 

Aud 

11^ Cl 

IJXlO"" 

^ X nr-’ 

5-9x10“- 

; 18x10-'“ 

[Cn^- 1-1x10"" 
(Pb-^+ ] [C’n- = l-7xl0'' 

1 


'rhis gives a quantitative picture of the precipitation of these 
liuec salts as chlorides, (t shoultl he noted that K, for lead 
ihloride is verv nuuh hiuher than those of tlie other two and this 
explains whv the precipitation of lead chloride is not as complete 
as those of HgCl and AgCI. 
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Things however are often- much more complicated than that 
suggested by the above table due to the coexistence of other ioni'- 
equilibria. For example, in the above table tlie solubility product 
ot PbCh is lower than that calculated from the corresponding 
solubUity value (i.e. K,<s-). This is due to the fact that a good 
portion of the lead ions in solution docs not exist as lead ions but 
exists as Pb(OH)'*'ions owing to hydrolysis and so the latter do not 
contribute to the solubility product of PbCL. Complications 
this type exist in many cases and so, as we shall see also in the 
next table, the solubility in many instances is much more titan the 
theoretically expected value, viz. square root of solubility protlmt 
(eqn. (16)-XVII). Further, though the residual silver ions would ly 
expected to be verv small owing to the low value of K* of AgC . 
too much chloride ion should not be added, as AgCl then tenth i > 
dissolve by the equilibrium AgCl-f-Cl ^=>AgCL . 

The dissolution of ‘AgCl in ammonia is due to the forniatu u 


of a complex as shown below. 

Ag + ^2NH3 




The equilibrium constant for the above reaction (its redproc.d 
being also called instability constant of the conijMCX) is i x » 
showing that it is practically fully displaced towards the ng u. 
explains the powerful dissolving action of ammonia on g • • 

AppUcarton of H,S in Group Separation — Sulphurettod 
hydrogen dissolves in water and ionises as , .‘j- ’ 

H,s 3-2H--^ + S-. with Ka = J-lxlO— . Now. he solubihtv 
of [H^S] under usual laboratory conditions is about 0 1 molai aiu 
so the (S--1 ion concentration is given by («)• 

fu +12 r«--i , llxlO''--* 

[H.S] ' 

™ £ is sr S'S 

Sir. tr'zs'",»s Vw » ..»i, .ii.i".. 

conditions. . . 

n • s n* II Metals — Evidently, the more acid ' 

r‘«o'lcfVriS-). Ordinanly, Croup U 
pitated by H S throush a 

is 6 . and so only d.u cx.re™.,v 

insoluble sulphides would „ bvdrolysis an<l otln, 

mattei- is however highly compucai cimnlc thcorv 

.i<ic ...1 ."ly 

16 
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tration of S — ions as arc supplied bv this very small dissociation 
of HoS and so thev are not precipitated at all. 


Sulphide 

Colour i 

; I 

1 

Solubility, s 

• ' 1 

mols/litre 

Solubility Product 
[M-N-]x[S— ] 

1 

CdS ; 

1 

yellow 

1 

3-1 xlO-'* 

1 

1 

7-lxl0'^‘ 

PbS 

black 

2-2 xKT’” 

3-4xl(r“ 

CnS 

black 

2-2 XlO-'* 

3-5 X 10"" 

HjjS 

1 black 

1 2'lxlCf^^ 

3xi(r'‘ 

FeS 

black 

i-Sxio-' 

3-7 X 10"' 

ZnS 

white 

3-1 X 10"" 

6-9 X 

XiS 

black i 

4 xlO"-" 

rixio"' 


If the bubbling of H„S is slowly done, the sulphides will 
precipitate roughly in the reverse order of their solubilities, that is. 
in the order mercuric sulphide (black), copper sulphidc{ black), 
arsenic sulphides (yellow), antimony sulphides (orange), tin sul- 
phides (yellow or brown), bismuth sulphide (deep brown), lead 
sulphide (black) and cadmium sulphide (vcllow) because their 
solubility products will be exceeded in this order. It should be 
imted however that precipitation leads to increase in acidity, for 
example, by the reaction. Cd'*"’' f H„S CdS-i- which will 
interfere with the effectiveness of precipitation, particularly of the 
tail-enders such as PhS and CdS. and so it is necessary when 
precipitation appears to be complete to dilute the solution to reduce 
the acidity to tlie optimum value and again bubble more H-S to 
"Tnpleie tlu- precipitation of PbS and CdS. 

Precipitation of Group III— After separating the precipitated 
siilpliiilcs hv liltratioii the dissolved H.S is boiled olT as it would 
loriu S'-jons l.uer bv reaitim; with ammonia. The filtrate is now 
made alkaline with ammonia (O lN) and ammonium chloride (.W) 
(>ee next section). The concentration of OH“ ions is extremely low 

is .ihtuii lixUrA' as can be easily calculated from the K/, 
< I amnioni.1 (K?,- I S x H*"’). Such low OH~ is just enough to 
pfc. ipitiin the hydroxides of Fe. A1 and Cr and none else. 

After '•eparatiiig the hydroxides. HjS is passed through the 
-i tinoniacal solution. Ammonium sulphide is formed which 
!)' ing a salt ionises to produce a large concentration of S" ions, 
l.trce enough for the precipitation of the sulphide of zinc, cobalt. 
ni<ke! and manganese. 

K-wmpik 12. WiU di't'hiormol Mt\ lu jtfaciin- 

t'lhil hji 

fH + ] 001 in 4*<)uatioa (ii). wc [S’*-]:: Thus, 

iIm‘ itiAvinnim value of I ^in++} X I ] in tlie ^iven solution is 
0*1 X 10^^' which iv ahnni one hundrerl tliousaiul times lower than 
il.e sol. piodiict of MnS. I'4xl0~**. So, no i)recipilotion will occur. 

NH.Cl as an Adjunct to NH,OH — NH,OH will normally 
precipitate Mg++as livdroxidc. Inn in the presence of NH.Cl. 

7n++. MU++ . etc. are not prctiptaied which is explained as 
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follows. Ammonium chloride depresses the dissociation of ammo- 
nium hydroxide (XH^OH NH/ -f-OH') by the introduction 
the common ion NH/, producing a ‘buffer solution’ of lower 
OH" ion concentration. This low concentration of hydroxyl ion 
can still exceed the solubility product of the hydroxides of Fe, 
Al, etc., but not those of Zn. Mn or Mg, and so, the latter 
hydroxides whose solubility products are high arc not precipitated 
by this reagent in Gr. Ill {a). 

Example 13 Calculate the concentration of OH' ion m n 
ammonia solution containing S .V XH,Cl, given 
CKition constant oi ammonia. 


[ NH,+ ]xf<>H;j =1-8x10"' 

[NH/)HJ 

Since the animcmia is very little dissociated, we should have 
=01 and [NH^+J=3, which substituted in the above equutum gives lUtl J 
=r8xio-'x'W5=6xio-'. 

Preparation of Pure NaCI— The precipitation of sodium 
chloride by the introduction of HCl in a saturated solution ol 
common salt, is also due to a similar cause. The HCl introduce- 
a hidi concentration of Cl~ ions and so. in the solution the 
existing ionic product (Na+l x [Cl"] exceeds the solubility piodiut 
of sodium chloride, which therefore falls out in the F>re state^ _ 
VxAMPLK 14 The snlubilit,/ product of lead sulphuU is • 

What' sulphide ion concentration will be required to just pncpiiole h a ! 
'Llphide from, an one-thousandth molar solution of a lead salt o.'isumin.j 

cot/ii/ific flitisoriatiffn • . c i ^ i rPK++i i<O* 00 l 

In tho given solution, the concentration of ^ ^ 

M Wc have to find out the concentralion of sulpliiile inii. 
iiist reaches the eolubililv product of lead sulphide. I h. . 

<,e. [Pb++]X[S— )=3-4xl0-=' orC-OOlIXIS-'l^S-AxlO— 

or [S— 3 = 3-4X10"*’ 

rg 1 necessarv to just start prc.ipitalion of PbS is 34x10 

pre}L Sample). ‘Tbe^cid should Mipply such Kvdro.on lo^i cone, a- 

produces thoabove value of fS-]. Now for 11,8^211 +S 

^*”'**[H+]*x3-4xl0 “.= 11X10--* 

tate tvith (a) / litre of water and {h) I litre of M W« I 

BaSO, dis,olva,l ,.or lll.r = 2 SX 10 - X 10 =2-3 X 10- Rm.h. 


, ' 2'3xl0 

Percentage error = 


X 100-115% 


,n Solubilitv of BaSO, W = 2-3xl0-V233-4 mob/liuo. tSi.ic M..I. 
wt. = 233-4] =-98S*X 10"* mols/litrc. 

Solubility product. K, =«* = 0-97lxl0 
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Let X gm. BaSO, dissolve in 1 litre of X/100 HjSO^ 

[Ba++]=x/233‘4 mols/litre. 

Now, the sulphate ions are supplied from two sources ; by the dissocia- 
tion of sulphuric acid in solution and by the dissociation of tlie salt 
BaSO«. The former source gives [SO/-J ions of '01 (N) = ix 01 molar 
and the latter x/253‘4 molar concentration. 

Total cone, of [SOj--] ions=[(x/233'4)-|-0-01/2J gm. ion/litre. 

Inserting values in the equation. =[Ba++3X[SO,-"] 

0-971 X 10- '“ = (1/253-4) X [(j:/ 253-4) + 005] 

Or, x=A-53xlO'‘ gms. 

percentage error=(x/0-2)xl00=-00227%. 

Ex\Mri.£ 17. TAe dissofiatiuri I'vnsfant of acetic acid is 
calculate the II* ion cone, of a trOl (.V) add solution, and pH. 

=K or, = 1-8x10“* ; neglecting a in the dv.iomi- 

1 — a (1 — a) 

nator, and solving wo get, a=4-24xl0-* 

[H-*-l=:a/i-=afi=0-01x4'24xl0"--0‘000424 gm. ion litre. 

/<H = -log 0-0(X)424 = - log 4-24xl0'‘=3-57. 


Exercise 


]. Deduce Oslwald's ditutiuii law and discuss its limitations. 

2. How ill) you experimentally determine the dissociation constant 
of acetic acid? 


3. The solubility of lead iodide ia 07 gm. per litre and that of 

lead chloriih- PlxlO--- mol. per litre. Calculate their soinbilky 
products. 11-4x10“'; S-SxlO-'l 

4, Wliai do you imderstaml by the term "solubility product"? 

How iloc-s It explain ilic dillerent reactions in analyticai cbemislry. 

i\ litn* Ilf a Mitnrated solution of silver brotnalc contains 0-0081 
grn. mol. of tlie Milt: »--- 00785 mol of silver nitrate is then added. 
Calmlale lin- non solubility 'S ' of sil\cr bromate assuming both salts 
ifj be coiiij'li'tely dissociateii in •■oliiiiiin. [0-00081 mol/liirt*.] 


S. The 
frill nlale ill 


soliibilitv of bririniii snl|>lialc ul 28'C is 0'002334 gram per litre, 
e .'-obibilitv luodiul of the salt, assuming it to be cnniplctclv 

lixio-"] 


Wlia! •.'ill be the nilubilitv of barium sulpliate at 28'(' in an 
.ai-ir.irniiim Milpliule .solution • ontaimtig 13.2 grams of ammonium sulphate 
t> T i ir--. ii>Miming connilete dis-oi Kiiion? [Ba = l371] 

[233x10^ gm/litre approx. I 

6. The dissociation con.-laiu of NH.OH is I'SxlO"*. The solubility 
jo-,.,?!!. t of ma'incsium h\ .bo\i.lc is 1-22x10-”. How many gms. of solid 
Ml Cl innsi be acbled to n iniMure of 50 c.c.. (X) NH.OH solution and 

' I'.C. (N) .MizCl sobiiion »> that Drceipilato of Mg (OH), just disappears. 
i, iv assumed tliat tlic volume of tlic solution is not changed by dissolving 
tiiO solid NH.Cl and Ihnt dis-^oeiation of the neutral salt is complete. 

11-82 (N)XH,ri; 9-74 gms per 100 e.c.] 

7. On tiio basis of the eleitiolytic dissociation theory, explain clearly 
the use of dilute hydrot'hlorie aeiti in the second group and of ampionium 
chloride in the third group of systematic ipialifative analysis of inorganic 
ba.ses. 
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8. Explain the law of mass action and apply it to the electrolytic 
dissociation of acetic acid. How will you determine the degree of 
dissociation of acetic acid? 


9. Explain what do you understand by the term solubility’ product. 
Knowing that the solubility of AgCl is O’OOIS gm. per litre at 18'C, 
calculate (a) the solubility product of this salt admitting that it is totally 
ionised at the concentration indicated, that is to say, in very dilute solution; 
(b) the quantity of AgCI which remains dissolved if one adds a solution 
of NaCl such that the total concentration of it is 0'4S85 gm of NaCl 
per litre, [Na— 23'4; Cl— 35‘5; Ag — 108’0] 

[109xlO-‘*; 201xl0-* gm/litre] 

10. Comment on the fact that magnesium hydroxide is soluble in a 
solution of ammonium chloride but not either in sodium or potassium 
chloride solutions. 


11. Why is a solution of sodium carbonate alkaline and a solution of 
copper sulphate acidic to litmus ’ 

12. The degree of hydrolysis of COIN solution of KCN is 4 per cent. 
What is the value of the hydrolytic <onstant? How is this constJint 
related to the dissociation constant of hydrocyanic acid. [I’667xl0"*] 


13. On what experimental evidence is it concluded that water is 
electrolytically dissociated to a small extent? What is conductivity water? 
How is it prepared in the laboratory 7 

14. Suppose by some mecliani.siii all the hydrogen ions and hydruxyl 
ions present in a sample of pure water is instantaneously removed. Will 
this treated sample of water bo a perfect non-conductor ? Discuss 
thoroughly. 

15. Calculate how many hydrogen ions are pre.sent in one-millionth part 

«if ono c.c. of pure water at ^*C. 160‘5 million) 

16. The ionic product of water increases with temperature. How 
«loes this fact affect the amount of hydrolysis of a salt and also the pH 
valuo of a dilute solution of (•) a strong acid and {it) a strong base. 

17. (a) Prove that the ratio of the H+ ion concentrations of two very- 
weak acids at the same dilution is independent of concentration. 


(ft) If the ratio of their dissociation constants bo 100, prove that the 
difference in pH value of any pair of solutions of the two acids at 
e(]uivalent dilution is one unit of q>\\. 

18, The dissociation constants of ammonia and acetic acid being cc|uai. 
what would be the pH of an ammonia solution, if that of an 
.'wrid aolution of equal strength i.s 3-2. given K,^ for water is 10- . Uhaf 

i» tl,<! unit ot K„, ? [10 8 i ‘“"‘ -'I 
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Galvanic Cells —Cells which are capable of producing electric 
current at the expense of some physicochemical process going on 
inside It arc called galvanic ceUs. The potential differenfe w^ich 


The origin of an E. M, F. in a cell is not difficult to under- 

Stand. Examining a very familiar type of cell. say. the Danicll 

cell, we find that it essentially consists of two electrodes, one of 

zinc and the other of copper dipped into zinc sulphate and 

copper sulphate solutions respectively, the two solutions bcinc 

^epa^atcd by a porous partition. The zinc sulphate solution 

contains zme ions. Zn++ and so. when metallic zinc is placed in 

contact with it. a definite equilibrium between the solid zinc 

and Zn ,ons are produced owing to the establishment of the 
tollowing equilibrium, 

.^=r> Zti 

where c represents an electron. Of course, the electrons arc 

present in the solid, and are responsible for its conductivity. So. 

whenever zinc is in contact with zinc sulphate solution, a definite 

pressure of electron is created at the interface. Similarly, a definite 

electron pressure is created at the interface between copper and 

copper sulphate solution, owing to the establishment of the 
eqnilihriuin, 

Cu++ +?t.^=>Cu 

It so happens in this case that the electron pressure on the 
zinc ck'ttrode is higher than that of the copper electrode and so 
on conneding tlicse exicrnallv with a piece of wire a steady 
stream of elei irons flows through tins conductor from zinc to 
popper. In order to maintain this flow of electrons more zinc 
ioni'e'. and more copper is deposited with the net effect tliat a 
ihemiial reaiii«jn has taken place bv the passage of the current, 
'.hifh is represented bv the equation. 

f'ii++ + 7 a \ - ('ll + 


I lurefure. we can regard all electric cells as devices where 
lie I i;( i L;y of a pliysicothemical process is convened into electrical 
en< rev. 


Reversible and Irreversible Cells— In order to be able to applv 
' \air thermodynamic meili<»ds to cell reactions it ha.s been found 
ne<e.ssary to distinguish hciwecn reversible and irreversible cells, 
because the thermodynamical treatment is only applicable to the 
former type of cells. V’e have shown in the section of thermo- 
dynamics (P. 127) dtar the definition of reversibility necessitated 
two conditifuis: (a) that the process operates under a condition that 
the driving force is infinitcsimaily greater than the opposing force. 
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and {b) that the process can be completely reversed if an external 
force is applied which is infinitesimally greater than the driving 
force of the system. Any cell which satisfies these two conditions 
is a reversible cell. 

Suppose to a Danicll cell uc apply an external E.M.F. 
infinitesimally smaller than its own K. M. F. The cell reaction. 
■Cu+-*’ +Zn— >Cu + Zn++ will go on extremely slowly m the 
direction shown by the equation. After the reaction has go^ 
forward to some extent, suppose wc imrease the external E.M.F. 
to be infinitesimally greater than the E.M.F. of the cell. The 
cell reaction will now go on in the reverse direction. 

Cu-f-Zn+-*‘ ^-Cu-^^+Zn and by maintaining the external applied 

E. M. F. long enough it is possible to restore tlic original condition. 
Such a cell is called a reversible cell. This cell, however, is not 
strictly reversible because wc can never restore reversibly anv 
diffusion which might have la-ken place through the porous parti- 
tion during the functioning of the cell. However this cell is .j 
fairly close approach to a reversible tell and for all theoretical 

purposes can be so treated. 

From the above discussion it is apparent that il anything 
happens in any part of tlie cell which is not reversible, the te 1 
itself becomes irreversible. In many cells gases are exohed 
Evidently, we cannot restore back the gases \yth .m applied 
external E. M. F. Such cells -should be regarded as We. 

Many other types of irreversible process are tontcnable .md am 
cell which operates even partly on any such process becomes 

irreversible. 

Free Energy of Reversible Cells -It k.vs shmvn i.i 
of thcrmorvii.imics (P. 137) that any clicnncal rcntnnn 
conducted can vifld some external work, and the ml j-ork pii- 
to^d in the process, if condneed reversibly, a, con^ant tetnpera- 
ture under a given pressure is etpial to the dccrc.asc in fret 

die system, - AF- I" '1"^ elettric.ty wlteneee, a 

niiantity^of electricity is transported across a potential dillcrciuL. 
electrical work equal to the product, quantity of electricity x poten- 

HSs's. 

Therefore, wc have, 

Decrease in free encrfry = Elcclrical '^ork done (l)-X^ 

O,, _aF = ..FE; or aF=-»FE (di>;V'n 

This equation is of great importance as ” 

for free energy i.i terms l,v capital 

Faraday from free energy both ot Which arc acsigii. 

F, we have used thicker type for the former. 
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Application of Gibbs-Helmholtz equation — The questioD 
now arises how much of the heat of reaction is converted into 
electrical enegry. Taking a concrete case of the Daniell cell, 
where the reaction is 


Zn + C«‘^+ =: Cu + Zn++ 

wf might take a mol of copper sulphate in solution in a beaker 
.Hid put a gram atom of zinc and measure die amount of heat 
which is evolved in the above reaction. VVe might also measure 
the E. M. F. of die Daniell cell where the same reaction is 
carried out reversibly and multiply it by 2F (since 2 chemical 
cc|uivalenis are involved in the above reaction) and convert it 
into calorics. Will these two heat terms be equal ? Thermo- 
tlynamics supply a straightforward answer to this quesdon. 
According to a form of Gibbs-Hclmholtz equation [(eqn. {19)-X]. 

ak = ah-tas 
af- ah=-tas 

Since wc measure A H in a calorimeter and AF by E. iM. F. 
measurement, tlu-se two terms A F and A H will gcncrallv not 
he equal but their dilTcrcnce is equal to - T A S. ulicre A S is the 
increase in entropy in tlic aliovc chemical reaction. 

According to Gibbs-Helmholtz equation, we have ({lft)-X] 


A = A 


H 


Siihstitutin 
we gel. 


tv 


here 

Va'i' A’ 


AF= - »FK. and with proper transposition. 

- ah = iiFE- ... (3i-xvni 

is the rate of change of E. M. F. with temne- 

• « 


'ature. i.c. temp. co-elHcient of E. M. F. Tins equation correlates 
rhe beat of reaction at constant pressure. — AH with the E. M. F. 
nd the temperature co-cfTiticnt of the E. M. F. of the cell. It 
■ ulcl be observed from the above equation that if the E. M, F. 
■'I a cell intreast.s with temperature, the electrical energy pro- 
hiced (nFE) i> greater than the chemical energy (-AH) of the 
eaction ; on the other hand, with negative temperature co- 
■.'tliciem of E.M.F. the reverse is true. In case the cell docs not 
(iiangc its voltage with temperature, the heat of reaction at 
<nnstaiu pressure. -AH will be equal to the decrease in free 
-AF /.c.. uFE- and during working the cell will neither 
ilisorh nor evolve anv heat, as the electrical energy produced is 
ex.icily equal to the chemical energy' of the reactionl 

Wc can te.st the above equation by calculating -AH from 
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E. M. F. data and comparing it with tlie value measured 
calorimetrically, as is done below for the reaction, 

Zn + 2AgCi = ZnCIj (0-556 molal) + 2Ag. 

The electric cell corresponding to the above chemical re- 
action is easily constructed by dipping a zinc electrode and a 
Ag, AgCl electrode (silver coated with silver chloride) in a 0-555 
molal zinc chloride solution. The observed E. M. F. of the cell 
at O’C is T015 volts and its temperature co-eflicient of E. M. F- 
is =4-02x10"* volts per degree. These values arc substituted 
in the above equation, and converting the electrical work term 
which is in Joules into calories by dividing with 4-1833. wc 
obtain -AH = 51.990 calorics. The calorimetrically measured 
heat of reaction for the same is 52,050 calorics, which is m 
excellent agreement with the above value. Hence, we can 
determine die heat of reaction from only E. M. F. measurements 
for all reactions for which suitable electric cells can be devisctl 

to carry out the reaction reversibly. 

Notations and Conventions —For purpose of convenience we 
shall follow the notation of representing a cell by writing the 
chchiical symbols of the electrodes and the chemicals in the cel 
starting with the negative cfectrode at the left hand side and 
ending with the positive electrode at the riglu extreme, hoi 
example, the Daniell cell would then he represented as- 


Zn; ZnSO, It fuSO,; Cn 
► 


E = 105 volts 


We can include the strength of the solutions by mentioning 
it within parenthesis following the symbol for the elccii(dyic. 
The double vertical line in the above scheme denotes the junc- 
tion of the two liquids, the potential at their intci face bci g 
generally eliminated or minimised by some suitable c 

shall see^ later. The arrow below denotes the direction 
inside the cell. Each half of the above cell is called a half-Lcll. 

It should be made dear that wc arc perfectly justified uv 
write the above cell also in the reverse way, 

Er- l(i:. VOlH 


Cu ; CuSO , 


ZnSO, ; Zn 


meaning that zinc is positive to copper to the 
volts. Hence the representation of an 

introduce any difliculty and if wc have done it ' \ahic 

way, we shall come out on calculation with a ^ 

of the E.M.F. Since positive terms arc , i,\ 

grasps it is preferable to write the positive elec 
hand side whenever this information is avai a ) c. 

Various conventions arc employed as to ’ niosi'''simplc 

theoretical treatment of observed voltage, ni 
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and picturesque is to treat die observed voltage as shown in 

Fig. 96 with respect to die 
Daniell cell. The copper elec- 
trode has a potential E"*" (level 
A) above that of the solution 
and the zinc electrode has E- 
(level B) above the same level 
and so the observed voltage, E 
is simply the difference between 
these two potentials (i.c*. differ- 
ence in level between A and B) 
as is clear from the figure. So, 
we have the equation. 


o 


N 


Kiu. 96 — Observed Voltage as the 
Difference of two Potentials 


E = E. _E- 


(4)-XVIII 


The representation is merely conventional and we shall follow it 
cosisistently* and in effect it means that wc are regarding all 
electrodes as positive with respect to the solution. 

Suppose we add more copper ions to the copper side of die 
solution. Tile potential of the copper will naturally go up because 
we arc adding the positive ion to the Cu -- Cu'*"’' system (ride’ 
njii. ((i)-XVIII). and so thv^ observed voltage will increase. On 
the other hand, if we introtluce more zinc ions in the solution, 
the potential of die zinc electrode will of course similarly go 
higher up. hut as can be easily seen from the figure, the observed 
potential will as a result decrease. This is obvious because if A 
(I'ig, ‘.'ib gfX's up, die difference in level between A and B 
ill! l easer, w hereas il B goes up. the same difference decreases. 
.\ov eejuation we arrive at for a cell must correctly answer the 
ah'jvr te>t. i.r. an inerea.cc of c at the positive electrode with 
jiositivc ions diould increase the observed voltage and an increase 
■ if I at tile lugativi- iledrodc will decrease the observed voltage. 
[j nc'^ulivc arc iuioivcd it nil! hr just the n'l'crsc fcqn. 
riu' student siuiuld satisfy himself hv checking all equations of 
ihi-. (haptii with r( -pect to this criterion. In fact if he masters the 
(oiMejit gi' in in :hi> para he can immediately write down the 
1'. M, 1'. fjii.tiion I'f any cell or half-cell at a glance of the com- 
positioTt <i| till' cell. Hence, a correct utulerstanding of this section 
tan not he too strongly ctitphasiscd. 

Thermodynamics of Reversible Cells, Nernst Equation — 

l.ii ii' takiilaic the I'.M.F. of the following typical cell thermo- 
dvnauiieallv. 

7n ; ZnSO,(e,) ■} CuSO,(r,H Cu 
The ( ( il reaction is Cu ' • Zti = Cu ^ Zn 

,\ccording to cqn. wc have for the free energy 

change, /\F. of this reaction the following relation — 
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+ RT In 


[Zn"-]xl(^ 
jCii * ' J X [Znj 


Since the active mass of a solid is constant, we can include 
it with the constant term, AF^ free energy change under 
standard conditions, and forget all about it. So, the above equa- 
tion is equivalent to 


AF = AF 


?}' , |Zn - - I 
«F |Chi-- 1 


Putting AR=-”FE- "here E is the voltage of the cell 
[eqn. (2)] and for the sake of similarity A^" = -«FE“. we have 

... (5)-x\an 


E - + -„F |Zn - - 1 


We can go a step further and express E = E+-E- [eqn. 
(4)-XVIlIl and similarly E'’ = E'’cu — E'’/>» ■- ''c thus obtain 

E = E.^-K_ = (e'c» + ~ ^-(e-z„ . lZ.>+*l) 

which, as is easily seen, can be separated into two equations. 

o'T* RT 

E.=E“c..+ ^p ^»|Cu ■ '] F/zn-f /«lZn- ■ I 

Hence, for the general case of a metal of valency « in contact 
with its ions at a concentration c. we can express its potential E as 

+ (f.)-XVIlI 

Ur 

wliich on substitution of the \alues of the constants and con- 
version in tjrdinary logarithm becomes at 2.‘)’C 

E -= E- + loR c (7)-XA'Ill 


where F/ is the standard electrode potential (reduction) of ilu- 
electrode. 

This equation is called Nernst equation and gives the poten- 
tial of the electrode over the solution. Nernst tlerivctl thi' 
equation in 1882 by a dilTerent method but his derivation is 
seldom used nowadays, and the equation for a cell or a single 
electrode is directly derived Irom thermodynamic free energy 
equation as done here. 

E. M. F. of a complete cell —So, to obtain the E-M F of ,» 
reversible cell, the following simple rules may be set u}). 


(i) Write doion the coinjdvte rrll 

(ii) Write dawn the for it (equation (/5)-X/F). 

(in') /^// -nFE, £^F^ ^ --uFfi^ and divide ond (he otln r 

(erme on the rujht hand eide into two part^ to varrespond with 
two half cell rtariione. 
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(ii') Suhstitutt E* value from the iable^ taking cate that (ozidet^ 
fion)=— [reduction)^ 

The above procedure will cover all types of cell reactions, and 
so wc have in a sense learnt to treat all types of cell reactions on 
«i common basis. This is examplified below by another example, 
1 ./.,. by the calculation of the E.M.F. of the following cell. 

Ag 1 AgNO^ (c) ii KCl. HgCl {s) | Hg 

fi) Wc first write down tlic ceil reaction as below, if current 
passes within the cell from left to right. 

Ag + HgCI(s) = Ag - -f Hg + Cr 
(w) Wc next set up the free energy equation, viz. 

AF = AF’ -f- RT hi ‘ UM 

(Ag J[HgCl(5)] 

tinn 'nf the Concentra- 

tions of all solids equal to unity, wc obtain 

RT* 

E=E"-— ;„[Ag ][C1-] 

tl.c mo'hal'f celU.'" '» 

RT 


■■ ([HB][Cn'H^-ci(v),-y /n (Cn 


RT 




N’ow K’ --K" 

(Ap+, Ac) f,\c Ac*) 


•• M[cri 

KT 

F ^ (Ag-)] 


- [K 


fA).' Ac ) 


... (8)-XVIII 


The Gqii.-ition is lohcu \\ith re.siK’ti to sign as it checks up 
against the criterion set up in Fig. 00. 

::-SS-SS;SB;.s a 13.!rS Kra 

Wiitiiiu llio c’cll as Ai;; .\cNt) (O'l Ml 7n'5n fnoM\ <7 i 

the .(‘11 r...ction, 2As+ 2A.. - Zn 7 ‘'T 

III.- 11 . 1 X 0 , lure laij ,|o„u i„ ,|,js is '' ' ' “‘■”>"^‘"8 

E=K"(Ag-,,As)-RT.'„(As l + E' (Z., Z„.-n.!tT ,„[Zu..] 

= F/ (Zn, Zn - - RJ j Zii * ] F' ( Aj; Ac - ) - In [Ag^ 

O' 762+0 0295 ^ 2,- (tWOa+O-OSg lo^ ■1)^-1.522 volts. So sUver 
-oul. bo the positive olectuHlf an.l tl.e total E.M.F. is 1522 volts. Note 
that- It , 003 not mattei wmeh ,,11 is assmiu-d positive; if we have not mad© 
tla- M.cbt vhoicc the calciilatod EAI.F. would come out nogativo. 
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Thus with a table for E“ we are in a position with the help 
of the above procedure to calculate the E.M.F. of any reversible 

cell whatsoever. 

Conventional Value for the Potenti^ of a HalfceU-Thouph 
we arc able to calculate the potenual of any complete tell u th 
the help of eqn. (8), there is no way of knowing the absolute Nalue 
of tlie^E. M F. of a half-cell. However, we arc very ulun 
interested in the behaviour of a half-cell, measured with respeu m 

anv arbitrary standard. , 

^ The universal convention has been adopted to rrgaul lh< 

Potential of a hydrogen electrode at one atmospheric pressure ni 
Contact a solution contamit.g hydrogen .o»5 ,U unn 

concentration to be zero. Such a hydrogen electrode is called a 
normal or standard hydrogen electrode and ts represent'd as^H 
n atmV H+ (effective conc. = l). or Pt. H. (1 aim.). H (a }. 
iincrhvdrogen being a gas is generally adsorbed on planmsed 
platinuni electrode, and tliis combination behaves as an ekuioik 

of hydrogen. 

\Ve shouia poiat out l.cre that a new ton.. o//crn,-,. .■0,.|'O.:tunc.a luo 

'‘'®‘'whh the above arbitrary standard, the E. M. F. of any elec- 
trode or half-cell is simply the ,«.tent.al of 

a normal hvdrogen electrode. Thus, the ^ 

electrode according to this convention means the E.M.F. of c 

following cell — 

Pt. H,; H-(a = l)l|Ag-(c) ; Ag. E = O' <99 volts. 

Note that we have written the above cell with the .-^g electi. .ik- 
on dm right indicating that we are measuring its po.eunal agau.st 

the hvdrogen electrode. 

Brit^the above‘^Ce:.:iri.r...t,, t/nd also tn- 1 l-g 

Cu' —0 and so wc obtain, 

i.e. for the general case of any metal ion, 
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as the potential of any half-cell measured .against '"'c J-'-'-'^nl 
hydrogen electrode which is the same as that given by Nc.nst 

equation (eqn. (6)-XVIII). 
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Standard Electrode Potential— If in ihe above expression 
(cqn. (9)-XVIII) for the potential of a single electrode, we put 
c = l, we get E = E°. That is, if wc measure the potential of the 
electrode at an effective concentration of unity of the reversible 
ion, we arrive at a potential characteristic of the electrode process. 
This potential is called the standard electrode potential of the 
particular electrode and is generally designated by E°. 

Hence, standard electrode potential, E* can be defined as the 
potential of an electrode immersed in a solution of unit (effective) 
concentration of the reversible ion measured against a normal 
hxdrogen electrode. A better definition from theoretical standpoint 
would be to say that it is the potential associated with the 
conventional electrode process, where the ions are at unit effective 
concentration (activity). The electrode process is according to our 
convention, 

l) + £ M or M" ■ +«€=M 

Since the above eqtiation represents a reduction process, standard 
electrode potential, as defined above, is often called, for the sake 
of clarity, standard reduction potential. A few typical values 
of E® arc given in the following Table. 


Standard Electrode Potenhals, 25* {Reduction) 


Eleclrodo 

EIccIixkIo reactioti 

1 E“ {volts) 

Pi. fl 

.MnO-+8H'+ 5f = .Mn*-+4MJ) 

1-52 

I’l 

ici, + , _ cr 

1-360 

All. .\ii - • 

Aii * * * + 3« =• .All 

1-06 

II’.;. IIl.', • • 

" + 2 ‘- = 2Hg 1 

0-799 

An'. Ac' - 

\'.*+ + ' = Ag i 

0-798 

|il : Fc - - - . !- v - 

!’*|. + ■ - Fe- * 

0-771 

('ll. ('ll - - 

('ll* ' + 2. - Cii 

0-344 

(.’iilonu'i vlei’f rnj.. 

He.Cl, + = He+cr 

0-280 

(Pt) H„ H - 

If ■ + ' = 4H, 

oooo 

pb. Pi. • - 1 

1 I'l, +2. .= PI. 

-0-122 

.''II. Sn ' 

Sp - * + 2. = Si. 

i -0-136 

y.ii, Zn* 

Zn • • +2' = Zn ; 

-0-762 

Mil. Me - 

I.Mu-' 4- 2' - Me 

-1*866 

\n. Na ' 

1 .\ a ■ *+• I = N a 

-2-715 

hi. Li' 1 

iLi' + Li 

-2-959 


A few jioints need be noted iti this connection. Many authors 
p-ifer to detine the standard electrode potential with respect to 
the cell reaction at the negative electrode, i.e. to the oxidation 
process, M- M ■ (<7- l)-£. Kvidenily. the E“ values in their 
Nv.siem will b(‘ negative of the corresponding values in our system. 
The E" values in that svstcni should be truly called standard 
oxidation potential. (rcduction= - E' (oxidation) ... (9rt) 

It should be further noted that according to the convention 
adopted in this book, our E® vahtes represent the actual E.M.F. of 
the cell with the gi\en electrode against the standard hydrogen 
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electrode. From the table it will be seen that noble metals like 
gold, silver, copper, mercury, etc. have positive E** values showing 
that thev are discharged when copuled with a normal hydrogen 
electrode. Metals like zinc, iron, sodium, etc. have negative values 
showing that they form the negative electrode when coupled with a 
hydrogen electrode and therefore, hydrogen is liberated by these 
metals from solutions containing hydrogen ions. In fact, any 
element standing higher in the standard reduction potential sene'* 
tvill be liberated bv anodier standing lower with respect to it and 
this is the reason why iron dissolves in copper sulphate solution 
liberating copper, or zinc dissolves in silver nitrate solution liberat- 
ing silver. The standard electrode potential series for metals is 
also known as Electromotive Series for metals. 

Thermodynamic Significance of E®— The thermodynamic signi 
ficancc of the E® values is simply that nEE“ is the decrease in free 
energy, - of reaction (i). or as conventionally written, ot 

reaction (li), as is also shown in the F/ table. 

(i) M+ {« = l) + iH2 = MH-H •(«=!) : (n) M ‘ («=!)+£= M 

From thermodynamic standpoint E“ lias no other significant i 

but above. It is a very important constant for any electrode pio.o- 

and is indispensable in many E. M. F. calculations. 

ExAMrLE2. What rcitl be the !■:. M. F. of a Da.nell celt imn.j zu. 
sulphate and cojijier sulphate solution at mill concent ratioue? 

F _ E« + - E* . , wliere K® * is for the roartiou Cu ^ = Cu aiM 

F- 47or the reaction Zn+++2c = Zn. Now, E*”- is the slandard electrode 

poU-nlial for copper and is the .land.-ird electrode potential for 

4 * 

r,,"c, I.C., + 0-762 - 1-106 volts. 

Determination of Equilibrium Constant from E»-V^ues— 

Since -AF° = «FE° (2)1 "AF =RT/nK [cqn. 

(1())-X1V], we have 

«FE" = KT /hK (10)-X\ III. 

Therefore, from the above equation we can cakidatc the 
equilibrium constant, K of any reaction provided the latter can c 
expressed as the net result or combination of two single electrode 
reactions as shown in the following example. 

Example 3 If zinc m placed in a solution of capper sulphate zinc 
coppiris deposited. Calculate how much copper wdl be I, It 

in solution if excess of zinc t« present. 

calculation of the equilihritini constanl 
Cu-»-Zn++. The (riven reaction is the 


of 


The above is simply 
the reaction^ Cu * 


, . n.* + + _lO —On <K®i=0‘344 volts) 

difference of two reduction leaclioiis. (1) vu * [r 


+ + 


+2€=Zn. (E* = -0-762 volts). Total E* = K%„-E% 


0-344 -( -0*762) = 1‘106 volts. .'. 2FxT106 = BTx2303 log K .. 

K ~ 2 V 1-106/0 059 = 37-5 So. un<ler usual conditions there will 

LTUcJIv no loppvr ioni iett in .solnljon. Note ll.at »e l.ave ... ,1 root e.l 
the two ’E* values because we have adopted the convention o • 1 
the total E. M. F. as a difference of two reduction potentials. 
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Calomel Electrode— Though the above convention employs 
hydrogen electrode as the reference electrode, for practical 
purpose, it is not convenient to use hydrogen electrode, and other 
reference electrodes which are more convenient to handle are 
used. The observed values are however always expressed in terras 
of the hydrogen electrode as calculated from the known value of 
the reference electrode against the hydrogen electrode. The most 
commonly used reference electrode is known as the calomel elec- 
trode. 

This half-cell is a mercury-mercurous chloride electrode in 
contact with a potassium chloride solution saturated witli mer- 
curous chloride. The strength of the potassium chloride solution 
may be varied and the more common ones contain cither 
decinormal, normal or saturated solutions of KCl and are desig- 
nated as such. Vessels of various shapes and designs are used 
and a common form coupled wiilt a hydrogen electrode is shown 
in Fig, 07. The E.M.F. of a decinormal caltjmel electrode is 
0-33:3 volts at 25’C. 

Classification of Electrodes— N'arious types of electrodes are 
used of which we shall studv onlv the following tvpcs — 

{i) Metal-metal ion electrode including « oncentiation cells. 

(n) Mctal-insolublc salt electrode. 

{Hi) Gas electrode e.g., Hydrogen electrode. 

Hv] Oxidation-reduction electrodes (Redox potential). 

Metal-Metal Ion Electrode — W hem ver a metal is dipped in 
a yiluiioii containing its it>ns. there is a potential diiTerence 
est'il)lishc'd at the junction between the metal and the solution. 
If the metal is tlie positive electrode, ilie conventional ecpiaiion for 
the electrode reaction is M-'-*-- ne M. and therelore bv following 
the procedure of ec|u;ttion (8l, we obtain 


!'■' is the standard electrode potential (reduction) of the 
ratal (.t N.ikiicv n and c is the concentration of the metal ions. 

4 

'i'he >tudcnt should verv cttrefullv keep in mind the nottition 
ami coiueniion wc are using widi res|n-ci to the above equation. 
In the itbovc equation. K* is the standard reduction poIcntiiiH 
. orresponding to the reaction. NH - e M. Tlurcforc. the aho\e 
equation gives the potential of an electrode over the solution 
[vide Fig. IHi'. 

Let us now applv it to a spceifie example, say. the following 

cell. 


Zn : ZnSO, soln. 1] AgNOj soln ; Ag 
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Wc have, using our notation and procedure (eqn. ^ 8 ) and 
Example 1), 


E = E"^ff~E“2n+O059 log 


(ll)-XVlll 


Hence knowing the concentration of silver ions and zinc ions 
and the standard electrode potentials of silver and zinc we can 
calculate the E.M.F. of the above cell. 

Similarly, if we have the Daniell cell. 

Zn ; ZnSO^ soln 1| CuSO, soln ; Cu 


r 

We can immediately write out the E.M.F. of the cell, E at 2 > 

, 0-059, (Cu++1 m^WYTlT 

cu-E“^n + -s log.^-nr: ••• [naywm 


E zn-r — 2 

Concentration CeU-A very interesting situation arises if 
both the electrodes are of the same metal but the conccnnations 
of the two solutions are different, as for example m the clU 

Ag ; Ag NO 3 (c,) 11 Ag NO 3 (c,| ; Ag 


Here, the cell reaction is Ag^lc,) = Ag Ic.t 
E = 0-059 log — 


... (Idl-XVlll 


ie the EMF. depends on tlie relative concetUratton of the 

t M-Vst; E {.ft; 

observed E. M. F. o£ the cell will be o9 millivolts at io L. 

Mctal-lnsoloble Salt Electrode-A good example is an 
electrode, formed by coating silver with silver chloride dippc 
.a solution of a chloride, t.e., the half-te.l, 

11 a"(c). AgCl: Ag 

Here the half-cell reaction is AgCl -f- e = Ag-i-Cr and so 

( Agl X [cn 
[AgCl] [e] 

Now AF = and AF“ = - »FE‘ 

and dropping out [Agl. [AgCl] and [c] which arc constanis. 

■we have nFE = «FE — fSLa’ 1 rri-i 

or, £==£“ -0-059 log [Cl ] 

-where E" is the S.E.P. for the reaction AgCl + e - + • 

This equation is just what is expected from the 
P 9ft4. If we increase the Cl" ion concentrauon the potentia 

go down a: *r;osSve eleorode as opposed lo the copper ot 

19 


AF = AF“ *+- RT 
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the Daniell cell, because CP is negative whereas Cu * ion is posi- 
tive. In the above equation an inaease of (Cl"] leads to a 
decrease of E and therefore the equation is correct So, we arrive 
at the important result that for an electrode reversible with respect 
to a negative ion, the electrode potential is 

E = E" c (13)-XVm 

nF 

where c is the cone, of the reversible negative ion and E® is the 
S.E.P. {reduction) of the cell reaction. Note carefully that the 
negative sign in eqn. (13) as opposed to the positive sign in eqn. (6) 
comes from the fact that in the reduction process involving a 
negative ion, the ion appears on the right hand side {for example. 
Cl + c=Cn whereas in the reduction of a positive ion the ion 
appears on the left hand side (for example, Ag’‘ + e=Ag). 

For the complete cell, 

Ag;Ag I. r(c,) II Ag-{c,); Ag 

E.=E“^„ + 0-059 log [Ag"] 

* -9 

and E_ - 0-059 log [H 

E=E. - E. = E” I-) + 0-059 log [Ag ‘ | [I']. ..(1-4) 

Hydrogen Electrode —Just as a metal in contact with a solu- 
tion containing its ions forms an electrode witli a definite poten- 
tial given bv the Ncrnsi equation, similarly any gas shows a 
potential with respect to a solution containing its ions. How- 
ever. to make a steady contact and accurate measurement, the 
gas is adsorbed in platinised platinum which is kept dipped in a 
solution and serves as a gas electrode. The most important type 
of Mtch a gas clccnode is the hydrogen electrode. 

[PO H.: H (./ = !) li [H-1: H,(Pt) E-0-0o9 log (HM 

Since the cell reaction is H" {// - [H ‘ ] the potential, 
r, of sucii an electrode in contact with a solution whose hydrogen 
ion concemration is fH ' 1 is- 

E=F/a,-on:.q log |H-| ... {loj-XVIlI 

Since hv convention E’n„ is zero, we have 

E-onr,n log |H-] ... (iG)-xviil 

Hence, if we measure the electrode potential of the above 
cell, wc can calculate (H‘ 1 of tlie unknown solution. This is 
(lone hv coupling the hvdrogen electrode with a calomel half-cell. 
The Itvdrogcn electrode in the unknown solution is often the 
negative electrode in the assembly since calomel is usually 
cniploved in such measurements, which is generally positive with 
respect to the hydrogen electrode. Thus, the observed E.M.F., E 
of the following sci-up is as follows. 
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... (19)-XVIII. 


Pt, H^ -, IH*] 11 (N) calomel electrode 
E = E^ -E- = E (calomel) -E (H„ electrode) 

= E cal. - U 0r>9 log [H ^ ] 

= 0-281 - 0*059 log [H*] (Hl-XVlil 

Therefore, by definition of />H=- log |H-| (see next 
chapter) we have 

,, E - E calomel E -0-281 (19)-XVIII. 

>059 0 050 

This equation will be used in the experimental determination 
of pH as will be shortly explained m the next chapter. 

Redox Potential -If we have a bright platinum in contact 
with a solution containing a reduced and an oxidised hwm. ciilici 
or both of which are ions, we have got a half-cell which is \cr\ 
often reversible. Thus, for the half-cell, 

II Fe*". Fe — 

tlio tell reaction against a standard hydrogen clcctr.xlc is JH, 
4 . Fe* * * = Ec * * -h H*. which may conventionally written as 

Fc * * 4-6 ■- Fc’ * . 

and so. the E.M.F. of the cell is. following our usual thermo- 
dynamic procedure according to equation ( 8 ) 




f Fe - ■ 


... (2())-XVlil 


tvherc is S E-l*' (reduction) i.e. S.F..I>. of 

the reaction, Fe* * * + ^ =Ec* * - 

It should be realised now that all the preceding equations 
for E.M.F. are special cases of this equation which can be put in 

the general form, 

• * • % • .i 


_ (Reduced form) , UT (oxidise.! form] Cin-XVlll. 

E-1^ (o.xidised form) F [reduced form] 


or E = E* 


RT 


ox. 


i\ X • 

(red. /ox.) ” red 


where E-,re<l/ox) standard electrode potential for the 

reduction process (S.E.P., reduction i.e. redox potential). 

It can be easily shown from the above equation that an, 
redox system with higher S.E.P, (reduction) i.e. liighcr '• (t-f ; 
will oxidise any other with lower E (red /ox.) • 

nate wiU oxidise fe.o™ /or 

sta'iiaV 're^^oVs ferric salts can decolorise those dyes w liosc E is 
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lower than that of ferrous/ferric system. Redox potentials are of 
great importance for biochemistry because living matter is full of 
redox reactions. It should be also realised that any redox reaction 
involves electrons, and so, the oxidation of one redox system by 
another is essentially an electron-transfer reaction, the electrons 
being transferred to the oxidant system from the oxidised. So, E° 
is a measure of the electron affinity of a system in solution. 

Applications of E.M.F. Measurements— There are various 
important applications of E.M.F. measurements of reversible cells, 
some of which are listed below. 

(1) Measurement of pH with the help of hydrogen elec- 
trode, quinhydrone electrode, glass electrode, etc. 

(2) Measurement of ionic concentration and so the hydro- 
lysis or solubility of a salt. 

« • 

(3) Potentiometric Titrations, for example, the titration of 
Cr ion against Ag * by using a Ag-AgQ electrode, etc. 

(4) Measurement of transport number of ions. 

Since the E.M.F. contains a concentration (activity) terra, 
any ion concentration can be measured if a cell reversible to the 
ion can be devised and practicallv all applications are based on this 
principle. The determination of pH and potentiometric titration 
will be dealt with in the next chanter. 

Electrochemical Protection of Metals— From the table of 
standard electrode potentials it is easily seen that if we liave two 
metals in contact, the nobler {i.c., the more positive) one will not 
be in the least affected bv say, an acid, as long as the less noble 
one remains in contact. For e.\amplc, if iron is in contaa with 
zinc, the zinc will dissolve prior to iron. Advantage is taken 
of this fact in protecting iron from corrosion by galvanising it 
with zinc. This simple idea, though basically sound, loses some 
of its force due to the existence of other factors, mainly irreversible 
eketrnde phenomena f.g. overvoltage, etc. 

However, an oui'-tr.mling t xamplc of the application of this 
])rin'iple i?. ihe modern method of cathodic protection of pipe 
li: ' Uimdreds of miles of pipe lines are laid to carrv 
frotf the mine to ibe refineries, from refincrv to port, 

would be corroded out verv soon and this is prevented by 
iisin; f)uria] electrodes for electrochemical protection, i.e. at 
inti reals blocks of magnesium in electrical contact with the pipe 
litie arc buried along the route and a small current passed so that 
magnesium is the anode and the pipe is the cathode. Magnesium 
is preferentially corroded and is replaced from time to time thus 
prolonging the life of the expensive pipe line. Thus, magnesium is 
called the sacrificial electrode and the method is called cathodic 
protection. City water supply mains arc sometimes also similarly 
protected. 


petroleum 
etc, Such 
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Exercise 

1 Write notes on : — (o) reversible cells (6) buried electrode for pro- 
tection (c) calomel electrode and (d) concentration ceU. 

2 Define sUndard electrode potential of an electrode and 

distingoSh I. K P. (reduction) end S. E P (oxidation). Dmcust the 

importance of such values in physicochemical calculations. 

^ If a reversible galvanic cell is kept immersed in a t^ank of water 

which vour answer is based. • 

ourrL i: t;^^= 

Deduce Nemst equation for the potential of a reversible 
MgBr, in solution. 


CHAPTER XIX 


ACIDS AND BASES ; pH AND INDICATORS 

The Classical Concept of Acids and Bases and their Disso- 
ciation Constants —The classical definition of acids as substances 
containing hydrogen ions replaceable by raetals and having such 
properties as sour taste, corrosive action, causing colour change 
of indicators, etc., is, qualitatively speaking quite a sound one, 
but difficulties arise as soon as we attempt to arrive at a quanti- 
tative measure of the strength of acids on such basis. However, 
all acids in aqueous solution increase the H- ion concentration 
of \\aier, and all bases decrease the same (and therefore increase 
the OH ion concentration) and so, a quantitative measure of 
acidity may well depend on this property of acids and bases. 

Since^ the ion concentration (to be designated by (H‘] 
or Ch + ) is simply related to the dissociation constant of Ostwald's 

dilution law (I'ide P. 259) wc can aptly compare the strength of 

acids and bases bv their dissociation constants. Ka and Kt 
respcctivelv. 


II. li- 




H"] 

[HAJ*-!- 


hOH. ■ oir ■ ^^'1-— 


[BOHJ 


1 - 


1 .hr al)o^c ecjuations arc ap|>licable only to weak acids and bases 

a.tii not to strong acids and bases, the latter being strong 

I !' < ;o.|vies (P. 291), and so. we can have Ko^nd Ki. values for 

V .-••.ills and bases only. It should be realised that by comparing 
Eo (.! id K^) 've arc in a sense comparing ilicir conduaivities 

' < ilir dissociation consents are usuallv determined from 

/ 

< np.Iiiaiv irv measurrmems (P. 200). 


In the following table arc compiled the values of K 
{(Iis};o>'itition con‘:tiinis) for many weak acids (and bases) arranged 
in dcueasing order of strengths, which bring out clearly how 
greatly the acids and bases, which we class as weak differ amongst 
themselves in strength. 
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Dicbloracetic acid 

Oxalic 

Sulphurous 

Maleic 

Phosphoric 

Cyanoacetic 

Malonic 

Monochlorace t i c 
Salicylic 
Hydrofluoric 
Citric 
Nitrous 
Formic 
Cyanic 
Lactic 
Succinic 
Benzoic 
Acetic 
Butyric 


5-2 
3-8 
1-7 
1-2 
7-6 
3-7 
1-6 
1-55 
1-0 
90 
80 
60 
20 
1-5 
1-3 
6-7 
61 
1-8 
. 1-5 


X icr^ 

X 10-= 
X 

X 10-* 
X lO'* 
X 10-’ 
X 10-’ 
X 10-’ 
X 10'* 
X i(r* 
X 10- 
X 10- 

X io-‘ 

X p"* 
X i0'‘ 
X lOr* 

X icr* 

X 10"* 
X 10'* 


Propionic ... 1'32 X 

Carbonic ... ... X 

Hydit)geu Sulphide 8’0 X 
Hvdrocyanic ... 1'3 X 

Boric ... ... 60 x 

Phenol . . . 1'3 X 

Hvdroceiv Peroxide 2'0 X 


i(r* 
i(r- 
10 - 
10 - 
10 - * 
10”“ 
ICT” 


ll'coi* Bases 


Dietliylamine 

Dimcthylainiiic 

Ethylamine 

Mcthylamine 

Trimethylamine 

Ammonia 

Hydrazine 

Pyridine 

Aniline 

Urea 


1-26 X 10“ 


50 

X 

10-‘ 

... 4-6 

X 

10"* 

... 40 

X 

10'* 

... 6-5 

X 

10-* 

... 1-8 

X 

10'* 

... 2-2 

X 

icr* 

... 2-3 

X 

10- 

... 5-0 

X 

io-‘* 

... 1-5 

X 

10- ‘ 


Remarks on Strength of Organic Acids— It should be pointed 
out from the table that the strength of an acid increases by the 
replacement of hydrogen by electro-negative (electron-attracting) 
radicals e.g. ChCN, etc. in tlic anion of the acid because this 
makes the -COO" end more positive and so more repelling 
to the hydrogen ion. Thus, in the series, acetic, 
nionochloracetic, dichloracetic and trichloracetic acids, the strength 
rapidly increases in the above order, and in fact, trichloracetic 
acid is almost as strong as nitric acid. Similar remarks also 
apply to the series acetic, monofluoro, difluoro and trifluoro acetic 


Acid 

Acid Kg 

CH.COOH 2 X 10"* 

ClCH,COOH 155 X 10"* 

Cl,CHCOOII 5,200 X 10"* 

Cl.C COOH 20,000 X 10^* 

CH^COOH 2 X 10- 

FCH.COOH 210 X 10"* 

F,CHCOOH 303 X 10"* 

FjCCOOH 5.880X 10"* 


acids. It should be also observed that carbonic acid is much 
stronger than hydrocyanic acid, which is the reason of KCN get- 
ting converted into K^COj on long exposure to air. Carbolic acic 
is also weaker than carbon dioxide (carbonic acid) and so on 
passing CO, through sodium salt of carbolic acid (0^11^0 Na), the 
free carbolic acid is precipitated ; conversely> phenol dissolves in 
NaOH but not in NajCO,. 

Strength of Inorganic Acids— The inorganic acids which 
appear to be very strong have gradation in acid strength among 
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tliemselves. The order of acid strength of the strong acids is 
roughly as follows: 

HCIO, > HI > HBr > HNO^ > HCl > H^SO, > H^PO,. 

In oxygenated acids of similar structure the more electro- 
negative (electron-attracting) is the central atom, the stronger be- 
tomes the acid. This is shown in the table below for the S, Se and 
Te series as also for the Cl, Br and I series by a comparison oi 
strength of acids of similar structure. This behaviour is 
caused by the same reason as increases the acid strength of an 


Acid 

First Ionisation 
Const., 

Acid 

Ka 

H;SO, 

... 1-7 X ICT" 

HOCl 

... 3*5 X KT* 

H,SeO, 

... 3 X i(r> 


... 2 X 10^ 

H,TcO, 

... 6 X KT* 

.HOI 

... 5 X 10"” 


organic acid by the introduction of a negative group. This also 
explains why sulphuric acid is stronger than sulphurous acid or 
for that rnatter a liigher oxygenated acid tlian the corresponding 
less oxygenated acid, because the central atom has a more formal 
positive charge i.e. is more electron-attracting in the former case. 
The strength of the hydrogen halide acids however, is in the 
reverse direction, viz. HI > HBr > HCl because as the halogen 
atom becomes larger, the cliargc density becomes smaller and so it 
becomes easier for the hydrogen ion to escape from tlie negative 
halide ion. 

Remarks on the Strength of Bases — As regards the strengtli 
of organic basc>. diethyl amine and guanidine are among the 
'•trongest ones. It is of interest to note tliai in the series ammonia, 
inethvlamine, tUinethvlaminc and irimethvlamine as also in the 
'eries ammonia, cthylamine, diethylamine and triethylamine. the 
'•crength increases continuously up to the secondary amine and 
tiicn it suddenly drops steeply on passing from the secondary to 
die Tcriiary amine. It seems as if the crowding of the three alkyl 
• roups round the nitrogen atom somehow screens its lone pair ot 
« Iccrron responsible for its basic power (probably bv steric 
hindrance or some other less understood mechanism). Also, it is 
-•r iiucrcsi to observe tliat aniline and pyridine are extremely weak 
in comparison with ammonia, and diethylamine is the strongest 
.imong alkyl and arylamines. 

Other Methods of Determining Acid Strength — Strong acids> 
Imwevcr, do not admit of measurement of their dissociation 
constants. So, their strengths are often compared by distribution 
of one base between two acids. For example, if the strengths of 
hydrochloric and meta-phosphoric acids are to be compared, we 
have simply to determine the point of equilibrium in the follow- 
ing system — 
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NaPOa + HCl ^ NaCl + HPO,. 

If the hydrochloric acid is the stronger of the t>vo» the 
equilibrium will be more towards the right. 

No method of chemical analysis is suitable for the analysis 
of the system, since it will disturb the equilibrium point: 
Physical methods, which require the measurement of variauon of 
some physical property of the system, which changes with the 
composition of die system are usually resorted to. The physical 
properties largely used are heat of reaction by Thomsen and the 
change of v^utne by Ostwald. though other properties, viz; 
refractive index, etc. have also been used. The relative strength 
thus obtained is called avidity ratio, and is independent of the 
nature of the base competed for, which shows that the avidity 
is a specific property of the acid. 


Thomsen’s Thermochemical Method. Example 1. of 

ration of tulphuric and hydrochloric acidr by caustic soda are lofi.tO anil 
73.700 calories respectively. On the. addition of 1 equivalcra sulphuric 
arid to 1 eqvivaUnt sodium chloridey the heat evolved is S50 coforus. 
Calculate the avidity ratio. 

If the reaction. iH,SO. + NaCI — > 4Na,SO. + HCl eocs to completion, 
the heat evolved = 15.660-13,700 = 1950 calories. The oh^erve.l an.ouni 
of heat =660 calories. The dl^placemcnt of 

650/1950 X 100 = 33%. Strength of HCl : Strength of H.SO, - 67 - 

33 = 2 : 1. 


OsTWALD’s Volume Mmion. Example 2. Thr volume ,n 

the neutralisation of nitric and d\chloroacet\c aadt by caustic potash 
are 50 and IS c.c. respectively. In the reaction between j>ota^um- 
dichloracetate and nitric acid, the observed increase of volume la SC. c.c. 
Calculate the relative strength of the acids. 


(a) HNO, + KOH KNO, + H,0 ; volume increase = 20 c.c. 
ib) CHCl,COOH + KOH CHChCOOK + H.O = 13 c.c 
(c) CHCljCOOK + HNO, — ^ CHCl,COOH + KNO,. 


If reaction (cl were complete, it would be accompanied by 20-13 < 

cc increase in volamoj for, the above reaction may be r^arded as tlic 
flum of the reverse of reaction (6) and direct reaction fa) 
increase is only 6*67 c.c.; therefore the reaction has gone tow^uls the right 

to the extent of (5-67/7) = 80_ per cent ^ M 

relative strength or avidity ratio of these two acids is in the latio bu . 

20 or 4 : 1. 


Catalytic Power of Adds and Bases —The strength of acids 
may also be compared by their ability to accelerate the rate o 
certain chcMnical reactions, notably the inversion of cane sug.u 
and the hydrolysis of mctliyl acetate. The most 
of such determination is that the order of strength of dWer 
acids obtained by this method is the same as that oh^edby 
the {previous methods, and in fact a rough measure of the |H 1 
of an acid solution and so its dissociation constant may thus he 
obtained. The strength of bases may as well be determined In 

similar methods. 


Modem Concept of Acids and Bases-Thc classical definitions 
of acids and bases assigning all-important position to hydrogen 
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aiid hydroxyl ions are useful and adequate for aqueous solutions 
but difficulties arise as soon as attempts are made to apply them 
to non-aqueous solutions. For example, sodamide (NaNH,) when 
dissolved in liquid ammonia has properties analogous to caustic 
soda in water; besides being completely dissociated it has the 
capacity to neutralise an acid and can turn phenolphthalein pink. 
It can also precipitate heavy metals as amides just as hydroxides 
are precipitated by NaOH in water. Hence, there is no denying 
that sodamide is a strong base in liquid ammonia. 

According to the newer concept of Bronsted and Lowry (1023) 
the acidic property b as usual associated with the hydrogen ion 
or proton, but the whole mechanism of acidity in solution is 
ascribed to a combination of the ion with a molecule of the 
solvent. In other words, whenever an acid is dissolved in a solvent 
tile hydrogen ions or protons being incapable of separate existence, 
get solvated by the solvent molecules and remain only as a 
solvated unit. Thus, in water hydrogen ions remain as 
(oxonium ion also called hydronium ion), in liquid ammonia as 
in glacial acetic acid as CH^COOHj* and so on. The 
extent of acidity depends on the extent to which the solvolysis goes 
from left to right as shown below for hydrochloric acid is aqueous 
solution — 

HCl + H.O H,0 * + Cl- 
in case a solvent is a poor acceptor for protons, this reaction 
Mill go very little to the right and the acid will then be weakly 
dissociated. This actually happens in glacial acetic acid medium 
. acid is a rather weak acid. Hence we arrive 

at two very important conclusions about acids — 

(?) Acids arc substances u-hich can donate protons, 

{it) 1 he streii^ih nf an acid 'jcill depend on the capacity of the 
solvent for acceptance of the ^oton. 

1 he fruitfulness of the above idea is at once evident when 
t!ie so-called strong acids, HCl. HNOg, H^SO,, HCIO^, etc. are 
(iissohed in a solvent like acetic acid, which is a poor acceptor 
lor protons. It is obsers'ed that though thev are of practically 
eijti;;I ‘•trength in Mater all these acids behave like comparatively 
Mc.ik acids of unequal strengths under such conditions, and their 
>fii figths can be compared in this solvent. 

An extreme case is supplied by solvents like liquid HF which 
Iiave not the least power to accept protons. Here, even strong 
acids like nitric acid Mill not be able to manifest acidic properties, 
as no transfer proton from the acid to the solvent is possible. 
In fact, the transfer of proton takes place tlic reverse way from 
the solvent to the nitric acid [vide cqn. (/)]. Nom-. if we compare 
■'his reaction M-ith Mhat takes place when ammonia is dissolved in 
Mater [eqn. (iV)], mc find an exact analogy. 

iii] + -f-OH- 
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Hence we have as much reason to call ainny>nia and OH 
ions as bases, as we have to call here nitric acid and fluoride 
ions as bases. Thus, we come to a very important result that 
the anions of all acids are bases and that even a ivpical strong 
acid like nitric acid may function as a base in a suitable solvent. 

Definition of a Base— Hence, we formally define a base as a 
substance which is capable of combining with a proton. 

Evidently, since acids donate protons and bases receive them, 
acids and bases must be mutually related by the following 
equation, where the acid and the corresponding base are said 
to be conjugate to each other. 

HA H" -r A' 

acid proton base 


Accordingly, acetate ion, cyanide ion, free ammonia, etc. arc 
all bases since they liave the power to combine wjth a jiroton to 
form the conjugate acids, CH^COOH. HCN. NH,". etc. Wc 
should rather call the hydroxyl ion as tlic base instead ol 
designating caustic soda by such name. 

The new concent provides a simple method of viewing the 
hydrolysis of salts. As indicated in the previous para, the acetate 
ion is a base of considerable strength because the equilibrium. 

CH3COO' + H‘<=^CH3C00H 

lies quite close to the right hand side. Hence, a solution nt 
sodium acetate would be basic because the solution would contain 
a larec concentration of the base, the acetate ion This is 
theoretically much simpler and more elegant than the classical 
method of 'treating such phenomenon {see end of last chapter). 

Suppose we dissolve a very weak base say, andine. in glacial 
acetic acid. The following solvolytic reaction will immedtatclv 
take place practically to completion. 

C.H^NH^ + CH3COOH C,H,.NH3^ + CH3COO- (base) 

This will liberate an equivalent concentration of the CH, 
COO' ion. which, according to our definition, is a 
and so the solution will be a strongly basic one. In tact, aniline 

and other very weak bases like pyridine etc., wh.th " 

to be titrated in aqueous solution with anv degree of ^ 

are easily titrated in glacial .acetic 

like hexane, benzene, etc. _which Ik 


like nexanc, ^ 

nor accepting protons, a substance will be neither lasic ‘ ^ 

but neverthekss. such solvents may also serve as media to. 
neutralisation reactions. .loveloDment 

ir l-ROTOHlii-ir .olvenU; (2) solvents which 

HF. etc. called acidic or protocenic solvents. “"‘J , 
cannot participate in proton transfer, e g. hexane, ) 


etc. called 
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inert or apboptic solvents. Water, alcohol, etc. which can both donate 
and accept protons are called ahphipbotjc solvents. 


Amphoteric Electrolytes or Ampholytes— amphoteric 
substance is one which in solution can give rise to both hydrogen 
and hydroxyl ions, i.e. it can behave both as an acid and as 
a base. Common examples of ampholytes are Zn(OH) 2 , Al(OH) 3 , 
etc. Zn(OH )3 may be supposed to be capable of ionising in two 

It ntfc ^ 


wavs, 


(1) Zn(OH), <=> Zn - * + 2(OH)- 
or. (2) Zn (OH), 2H - + ZnO," " 

Acids favour the first type of ionisation by removal of OH" 
whereas alkalies favour the second type of ionisation by removal 
* ions. So, an acid solution of Zn(OH), contains “Zn** ions 
which migrate on electrolysis tow.irds the cathode; alkaline 
solution contains zincate (ZnO," ) ions which travel on electro- 
lysis towards the anode. Such electrolytes are called ampholytes. 

Amino-acetic acid (glycine), NHXH,.COOH, affords a very 

interesting ampholytic behaviour. It is both an acid and a base 

and can ionise in two ways, depending on the base or acid added 
to Its solution. 


(1) NHXHXOOH+ H,0 <=> -NH,XHXOOH+ OH" 

(2) NHXHjCOOH+HX <=>NHXH,X00-+H,0^ 

If both types of ionisation occur from the same molecule, an 
ion carrying both a positive and a negative charge is left. Such 
ions are called zwitter or dual or bipolar ions. 

NHXHXOOH+ HX - N'H,.CH,.C00-+H20. 

Probably an amino acid exists in aqueous solution almost 
wholly as zwitter ions. 


pH AND INDIC.VTORS 

'the H' ion Concentration (Ch or [H ]) in water Medium 

- 1 he most im[>ortant propenv of acids and bases is that they 
change the hvdrogen ion concentration, Ch' i.e.. [H*] of water. 
Acids increase the (at and bases decrease the same. But, as 
already pointed out (P. 2G3). in any aqueous solution the product 
'■f \ll'] and {OH~] ion concentrations is always constant at a 
d( finite temperature and is called the ionic product for water 
(K,rl. At room tenipcrature ('2yC] the value of this ionic 
j'i-oduct is 10"’^. i.e. 

- IxIOH'l^-nr'-' at 2ri°C. 

In pure water, both the ions have the same concentration each 
equal to 10"'fX) ; in acid solution [H I inn concentration pre- 
dnininatcs while in alkaline solution [OH-] ions are in excess, 
i>ur the product [H ] and fOH") has alwavs the same value. 

Many chemical phenomena in aqueous media arc strongly 
dependent on the Cm ■ of a solution and so the Ch* of a solu* 
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tion is of great importance to science and industry. The Ch 
of a solution, however, can be expressed in various ways, tor 
example, in a one-tliousandth normal (N/IOOO) HCl solution, 
the Ch- is N/1000. Wc can as well express this Ch* as 1/1000 
gram equivalent per litre ue. I/IO^ gm. equivalent per litre i.e. 
10"^ cm. equivalent per litre. The CH*of.any solution can thus 
be expressed as a power of ten and this power of ten of any dilute 
acid solution (less than normal) is obviously a negative number. 
So a clever way has been devised to express Ch-. and this is just 
to mention this power of ten without the negative sign and call 
h &H Thus, fo[ the N/1000 HCI solution the Ch* is 10 gm- 
ion per litre and therefore, the pH is 3.^ So. pH is just a com- 
pact^ way of expressing the hydrogen ion concentrauon of • 
Llution.^ This noiaiion for expressing Ch* was first introduced 

by Sorensen. 

H - loa Exponent or /.H-So. we can formally define the 
pH of a solution as the negative exponent of its hydrogen mu 
concentration i.e. logarithm of hydr^en ion concentration with 
a negative sign. Expressed algebraically, 

^H-.-log.JH-] 

where |HM. “sual, stands for hydrogen ion concentration. 

Tlie itica is more si.nplv grasped by noting that « tcn-jn'id 
decrlusc in hydrogen ^on concentration 

of one pH unit. In other words, a solution of pH 3 h‘*s ^cii tin c- 
stronger hvdrogcn ion concentration than one of pH 4 an 
*H 4 in its turn implies ten times more Cn* th.m pH 5. and 
fo on It therefore ilso follows that doubling the hytogen ion 

concenlralion will decrease the pH hy ‘“g 2 W 

So if a N/1000 HCl solution has pH equal to 3, a N/500 solut o 

will have pH equal to 2-70. 

pH of Acid Solurions -It is thus clear that roughly speak- 
ing a N/1(X)0 solution of a strong acid say, HCl has .i / ■ 

a N/10.(KJ0 solution of HCl has a pH and so on. t n 

has |Hl = -0m=l0-(N) Its pH = 2. if [H*l = 10 [NJ. 
pH = 7, and so on. 

The question arises what is the pH of 
solution This can be easily done by wriiing N/oOOO as a po c 
T Z. Now cn - = N/fiOOO = 1/5000 gm^ .on_ pe_r^ , h-tc 

ie easily found out with '.he help of a >°K 

cm equivalent per litre, we easily see that the pH- > - 

f^ch"calcula^"nsTan he m"ade for any dilute -lution of a ,stmn« 
can be calculated in the above way. 
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pH of Alkaline Solutions —The pH of alkaline solutions 
can be easily computed if wc know the Ch of such soluuons. 
This can be done with the help of the ionic product equation for 
water, «>., K,. = Cn - x Coir. For example, a N/IOOT) caustic ^da 
solution has CoH'=10"'‘ gni. equivalent per litre. But since Ch‘ 
xCoH“=Ku'=l(r‘* at 2j’C. we have lor this solution Ch-*- = 
K,JCoh'‘= 10"‘‘/10'= = gm. ion per litre and therefore the 
pH of this solution is 11. 

So, all alkaline solutions should have a pH higher than^ 7 
and usually tlie pH value would lie in the range 7 to 14 at 25 C, 
and all acid solutions should have a pH lower than 7^ and the 
pH value would usuallv be in the range 0 to 7 at 25 C. Pure 
water has a Ch' of Kr* gm. equivalent/litre at 25"C and so lU 
pH is 7 at 2 d‘’C. Since K,p changes with temperature, these pH 
\alucs would also change somewhat with temperature. 

An approximate idea of the acidity or alkalinity of a soluuon 
can be obtained at a glance from the following table. 


Hydrochloric .\ci(l Solution 

iT* N N X 


Caustic Sotin Solution 



For exatnpU-. pH -3 means an acid solution, having the 
same aciditv as a N71/»00 HCl solution; pH=ll means an 
alkaliiK* solution having its alkalinity as a N/l»lX)0 NaOH sou 
tion; pM '2 :\ means' an acid strength somewhere between a 
leniinf^rmal and a thousandth normal HCl solution. 

Kx'.-ct.' ». th' 1>!1 of pur.' tniftr. and nf-o thr rallies of 

\ j4*n> y > .V ft f inns' iif //r/ as wcfl OS of Xo(^Il at -5 t • 

| r ^ > 1 ' 4. .rtfttinn fit fin acitl <wd (he alkali. 

In ).un' ; II - i - 10'- (N) Z. />H= -Icii [H -log l(r-=7 

In X'lrKK) net. 1 H I 10'^ (X) /dI = -log,. icr* = 3 
In N '50 in'l. Ml J-02(X) = -log., (02) = I'? 

Ill X '200 11(1 'll- t- 005 (N) = /^H = -log •005 = 2-3 

In N lOCV NaOlI. (OH-l = l(r’ (X) 

lu I K,-[uin = icr“/io-'' = io-' 


•. /-II -i(.-i(r“ = ii 

Li y :.0 XaOII. ioh“] = ’02 (X) 

[H J K^/lt»H-] = 10"'*/2xl0'’- 

pH ■ log 1 H‘ |--Iog (- 5 x 10 ^’')- 12'3. 

Kwmii.b 2. t’lilnil.xl, the [H-l ion conriiitroti"n of three sol ut tons of 
pll .-Iiiof to t-i- yi '-'III i" resj>rctii'ehj. 

Now. /,//---log., [H-1 ur = 

/dl 3-4 lH-^|^l(r^-*=0 000398(N) 

/)H=2-l [11 1 10"^-'=7-94xHrMX} 

pH 100 ill (N). 
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Experimental Determination of The common methods 
of determination of pH can be classified into two types 

(1) E. M. F. method$ 

and (2) Methods using Acid-hase Indicators. 

The E. M.F. method using hydr^en electrode serves as die 
ultimate standard in pH determination, though glass electrode, 
quinhydrone electrode, and many other electrodes arc also in use. 
The indicator method is, however, experimentally the most 

convenient. 

Hydrogen Electrode Method for pH Determination —The 
solution (x) (Fig. 97) is taken in a vessel of suitable shape and 
in it is dipped a platinised platinum electrode (platinum toil 
covered with platinum black by electrolysis). A steady stream ot 
moist hydrogen Ts passed through the solution over the electrode. 



Calomel Hjrdfooof' 

^ clKtrx>d« electrode 

Fig_ 97_Detcriniiialioii ol by Hydrcjneii Klc Iroilc 

The other half-cell is a normal calomel electrode and the two halt 
cells are joined through an intervening saturated solution ot 
potassium chloride (salt bridge) to eliminate liquid 
potential. When equilibrium has been attained, the total 
of the cell (E) is measured by a potentiometer, which substituted 
in the following equation [eqn. (19), see P. 291) gives tlic />H \a uc 
of the solution. 


pH = 


E — E calomel E — 0‘281 


0659 


0059 


(2)-XIX 


Indicator method of pH determination — This consists 
simply in adding a suitable indicator to the solution such that the 
pH of the solution is within the colour change interval of the 
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indicator and matching the colour, thus produced, against tlie 
colour produced by standard buffer solutions under otherwise 
identical conditions. For rapid measurement a universal indicator 
which is sensitive over the whole pH range, i.e. from 0 to 14, tan 
be used. 


Standard of pH Measurement. Buffer Solution — It is 

sixpcdient for comparison, preparation and measurement of pH to 
have in slock solutions of known pH. If such a solution is made 
by proper dilution of a standard acid or alkali it is found that, 
due to impurities from the vessel or air, the values of pH of 
such solutions slowly change, and never attain a steady value. So 
a solution of standard pH is useful if not only its pH is accurately 
known, but also it has to some extent, some reserve power of 
neutralising acid or alkali so as to have a steady pH value. 

Such (I solution of kno'j.n f>H zlIucIi Iws some reserve poicer 
of neutralising acids and bases so that it maintains a steady value 
of its pH, is called a buffer solution. Buffer solutions are exten- 
sivclv used in the laboratory as standards in pH measurements. 

Buffer solutions usuallv contain a weak acid or base in com- 
pany with its salts, e.g. acetic acid and sodium acetate solution, 
.immonia and ammonium chloride solution, etc. The mechanism 
of buffer action is comparativelv simple. The buffer solution 
referred to neutralises acid 'H' ion) according to: 
M- •CH_,C(Xr— vCH^COOH and counteracts alkalies (OH' 
innl as:— OH" ^ CH.COOH— (.:H COO' H,0 and therefore 
tends to maintain a rtcady /»ll. 


Importance and Usefniness tif pH— Fundamentally speak- 
uvj. the pH id a solution is a \erv important factor in delermining 
die ecpiilibrium and kinetics of any proton transfer reaction, 
d hiis. tlte extent of ionisation of weak acids depends on ibc pH 
of a M-luiifin. and manv chemical reactions in solution is sensiii\e 
lo tile aciclitv or alkalinitv of the solution. Its technological use- 
fulmss is manifold. In drugs, fermentation, bakery, confectionery, 
emulMlKation. froth iloatation. >ccmring. sizing, fountain pen 
inks, and manv others, a strict control of pH is obligatory. In 
hiol'ieiial science the importance of pH can not be overemphasised 
as most livint; matter maintains bv internal buffering a constant 
pH ill its various regions: for example, human blood has a pH 
of ;■ 1 and injectiilcs are to be made to equilibriatc easily with 

tills pH. 


.•\C1D-BASE INDICATORS 


Indicators— Indicators are substances which are used to 
indicate, gencrallv by their colour change, specific physico- 
chemical condition of chemical systems. Thus, we have the 
ordinary acid-base indicators like litmus, etc. used for acidimetric 
titrations. Another class is constituted bv the oxidation- 
reduction indicators to denote the degree of oxidation of a 
solution: diphcnvlamine is a familiar example of this class 
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and is used to indicate the end point of the oxidation of ferrous 

ion by dichromate by a deep blue colour A ® 

indicaLs is the adsorption indtcalors a pod example bem| he 
red dye eosin. If a solution of a chloride is titrated "ith siher 
nitrate solution in presence of this red dye, the white precipit.i 

of silver chloride suddenly becomes red at the end 1’°"'' ^ ^ 
adsorption of this dye. There are many other types of indicators 
too, such as starch paste as iodine indic.itor. radioactive 
metalochromic indicators, etc. In the following discussion wc shal 
however limit ourselves to a study of the ncutrahsamn md, colors 

only. ^ , 

Theorv of Indicators: Chemical Nature —From i>hysKt^ 
chcmic^ point of view, indicators mav be regarded as very ^ve.lk 

organic ac^ids. capable of dissociation bke all “ 

jind m anion as represented liy HIn <=> 11 +ln. me 
main and common characteristic of all indicators is that the colcair 
of a solution containing an indicator wi l depend on the rehune 
proportion of the unionised molecule HIn and the amon In . 

Mechanism of Colour Change-T.) clearly reiireseiu that 
In- has a colour different from the HIn. we should represuu 
it as In*- and so the dissociation process is repiesented 

HIn«=>H*+ !»*' i:i)-XIX 

'I'hc actual state of affairs is a bit more complex than 

described above. The indicator acid. HIn ' 

reversible tautomeric change into a substance ol different ’ 

Hill* which is c,ip.ihlc. of ioiiisalion. du whole cipiililirmm luilv 

represented— ,, i 

But in order that a substance mav he a good indicator ihe 
concentration of HIn* is usually very small aiul so the simple 
dissociation e<iiiation (3) is suliiciem for our purpose ,.nd 

"’’"fra few dmp oran acid are added lo an indicaior sohitiuic 
the acid, by virtue of the large concentration ol II > >ns t 
nr^uccs by dissociation, checks the above lomsat.on of du 

indicator acid. The solution would th^» 

indium ’.vni h^ fonmd 

solution shows the 'neutral colour- of the mdicatoi. 

re'ffln moLuk" tranodier modifiealion called ihe .pnnouoid 

20 
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iomt which has a different colour and ionises almost completely 
to form In*” In rhe case of phenolphihalein, for example, the 
ordinary form (colourless) and quinonoid form (pink colour) are 
represented below as I and II respcctivelv. 


(I) 


C-.H. - C< 

! iV.H, 

CO 0 


an. OH 

OH 


(II) C.H. - C 
I 

COOH 




C,H,OH 


\C.H, = 0 


Useful Indicators — That a substance responds to a change of 
hydrogen ion concentration ^vith a change of colour is not a 
sufficient condition for it to be used as an indicator. The 
characteristics of a good indicator arc — 

(t2) The change of colour should be sharp, i.e. the change of 
colour should occur over a short range of hvdrogen ion 
concentration. 

(b) The colour should be stable and brilliant, and the colour 
cliange should be between cotitrasting colours. 

(c) The colour change should be at the end point of the 
reaction being studied. 

A considerable number of indicators have been so far brought 
to light, but owing to the above considerations only a few have 
found place in the laboratory. 

Indicator Equilibrium — Since indicators are weak electrolytes 
tlicy would obey Ostwald's diitition law : their equilibrium may 
be represented as — 

iHInl [In*'-] 

ahcie K.n is the dissociation constant of the indicator. When 
an indicator shows the 'neutral colour' wc must have [HIn] = 
[ln^“(, since Min and In •“ are respectively responsible for the 
acid loloiir and iIk- alkaline colour of the indicator. 


for neiilniliiw [H ] - K,n. 

Sime tiu’ indicanjr constants. K,„ for difTcrent indicators are 
ililTerenr. we .arrive at the verv important result that the 
cnw:cntratio}i of hydrogen ion at -..ihich an indicator indicates 
lu-ulrality /s coii'^lant for the same indicator and is different for 
different indicators. The following two experiments are illustra- 
li’ e of this jioint. 


T'.M-i.iiiMvvi' 1, Take a tmi_'hly ilei inornial .solution of sodium car- 
I'.ir.-'.fc. :ui<l add .i few drojis t>f liaU-in and ilrop by <trop a dilute 

lli'l .M'iluti('ii, iMilil till' [link lolour of pheiiolphf halein is just discharged. 
'i\ si tins snlntinn — which is now di.stinctly acidic to phenolphthalcin — with 
.1 few drops o! nualiyl orange indicahT. The niftlhyl orange turns yellow 
• liowing that the -oliition is alkaline to methyl orange. 

KxrrniMKNT 2. To a solution of methyl oranse add a few drops of a 
\-iy dilute H(’l sohitiun. to make the colour just red (acidic). D.ihito the 
Solution wilh freshly prepared lii.stilleil water only. The colour of the 
solution hlowly clianges from red to yellow (alkaline colour). 

Sensitivit) Range of Indicators, etc. — It is thus theoretically 
and experimentally established from the foregoing equations 
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and experiments that different indicators indicate neutrality at 
different H* ion concentrations or pH. In fact, the colour of 
an indicator changes over a certain pH. range, somedmes called 
‘colour change interval’ or ‘sensitivity range’ and within this 
colour change interval there is a definite pH for each indicator 
at which it shows its ^neutral colour’. From the following 
table of indicators, giving their range of colour change, neutral 
colour etc. it will & observed that the pH at which an 
indicator exhibits ‘neutral colour’ varies widely with different 
indicators ; phenolphthalein shows ‘neutral colour’ in the alk a l ine 
region (pH=8-5), litmus exhibits the same with a neutral plution 
(pH = 7) while methyl orange points to neutrality in a disrinctly 
acid region (/>H=4). 


Indicator 

pH rauge of 

Acid — Alkali no 

Noutra! 

colour change 

colour colour 

t:olour pH 

Methyl Orange , 


J{ed — Orange 
yellow 

40 

Methyl Red | 

Litmus i 

4-2— 6-3 

1 Jled — Yellow 

50 

50—80 

Pe(l—/iluc 

70 

Plienolphtbaloin 

Thymolphtlialein 

8-2— 100 

9-3— 10-5 

1 (*oloNrlrfti* — Pinl: 

' Colourlesa — Ului ^ 

8-5 

100 


Suitability of Indicators in 
understood with the help of pH 
— titration curves (Fig. f®). The 
/>H change during titrations of 
strong acids and weak acids by a 
strong base is shown in Fig. 98. 
Tlie most interesting part of this 
figure is that near the equi- 
valence point there is a jump in 
pH. So, an indicator whose 
neutral colour pH lies within 
this range is suitable for our 
purpose. 


Evidently, almost any indi- 
cator would be suitable for titra- 
tion of a strong acid by a strong 
base, because this jump in pH 
is over a wide range from pH 3 
to 9. The jump is, however, 
much less for weak acids and 
lies in the alkaline region (for 
acetic acid from about 5'5 to 9). 


Titrations — ^I'his can be well 


VOL or ALKALI AOOCO 



To titrate a weak acid with a strong base, e.g. acetic acid with 
caustic soda, we have therefore, to use an indicator showing its 
neutral colour in ihe alkaline region, viz. phenolphthalein (pH 
s=8'5). To tritratc a strong acid with a strong base most indicators 
are suitable since one drop of excess of the acid will bring about 
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Speed of Reactions — Catalysis. 




CHAPtER XX 

SPEED OF REACTIONS 


IntrodoctiOD — ^We were engaged in a previous section (Part 
II) in studying chemical equilibria i.e. how far a chemical reaction 
would go» but omitted to refer to how fast that equilibrium would 
be attained. This will be the subject of the present chapter. 

All chemical reactions take some time for completTon and 
we are familiar with chemical reactions of all speeds ranging 
from extremely fast to extremely slow ones. Reactions betweeri 
ions in solution which do not involve a change in oxidation 
state are generally very fast, for example, acid-base neutralisa- 
tion, precipitation of say, barium sulphate by double decomjwi- 
lion, etc. On the other liand, ionic oxidation-reduction reactions 
are very often quite slow, because fhey involve actual transfer of 
electrons, and many examples of slow reactions are already familiar 
to the student during oxidation-reduction titrations, for example, 
the slow discharge of colour of permanganate in acid solution bv 
hydrogen peroxide, slow precipitation of mercurous chloride by 
reduction of HgCla by SnCU. etc. Heterogeneous reactions are 
slow by their very nature, a well-kno\vn example being weathering 
of rocks. Organic reactions as a class generally proceed slowly, a 
fact which is apparent from the heating often under reflux for 
long periods necessary during organic preparations. 

Classification and Nomenclature —For ptirposcs of kinetics 
the reactions are classified according to the number of molecules 
reacting — 

(a) N,0,^2N0^ + ^0, 

(fe) CH3C00C,H, + NaOH ^ CH3COONa + C.H^OH 
(c) 2FcCl3-f-SnCl3^2FcCU-fSnCl, 

Tlius, the decomposition of nitrogen pentoxide [reaction (fl)l 
is called a mono-molecular or first-order reaction, since only one 
molecule decomposes to form a number of products. Similarly, 
reaction (b) representing the hydrolysis of ester by alkali is a 
bi-molecular or second-order reaction, and reaction (c) is a ter- 
molecular or third-order reaction. 


It might be argued tiiat wo co.il.l as uoll write rPirtion (fl) as 

2N O >. 4N0, + O, and class it as a second -order roa<tion. J his is net 

Dcrmi^iblo as the observed re.nction speed is ilirectly proportional to tUj 
concentration of the pentoxide. If the observation 

if tho observed speed was proportional to tho .scpnarc of the concentration 
of tho pontoxido, it would have Wen classed as n 

in the above manner. However, a siiinlar reaction, the ^lei oinpositim 
of hydriodic acid is experimentiilly found to have i* . roHction spw .l 
projKjrtional to the square of its concentration an.l so is 
bi-molecular reaction and written as 2H1 — and not HI— > 
iHj-t-il,. ThoB, rate determination provides an insight into ■henural 
reactionB. 
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Hence, we may remark that chemical equations totally fail to supplw 

uln^To a. particular reactiou, for ihich we hav^to 

turn to a determination of reaction speed: in fact, it is ven- common to 

orde^r Ines ^^^Forth' molecules classed as second 

of ?lm f discontinued the 

use of the terms, mono-molecular, bi-molecular, etc., and prefer to use 
firat-ordcr, second-order, etc. in their places. ’ 

Hence, a first order reaction is defined as one in which the 
absolute rate of change is proportional to the first power of the 
concentration of die reacting substance and not as one in which 
only one molecule decomposes. Similar remarks also apply to 
second and third-order reactions. ' 

Mathematical Formulation of First-order Reaction— If one 
molecule decomposes chemically to form a number of other subs- 
tances. the reaction speed according to the law of mass action is. 
at any instant, proportional to the concentration of the substance ar 
that instant. Taking for example, the first-order reaction, the 
decomposition of gas. accqrding to the equation. 

NA->2NO,-f^O, 

if we start with V mols of the pentoxide and if ’a’ mols are 
decomposed m ume t secs, then (n-A) is proportional to the 
concentration of the pentoxide at that instant. The speed of 
tfic reaction i.e., die rate at which the concentration of the 
pentoxide decreases with time, t, is according to the mass-law 
proportional to the concentration of the pentoxide. (a-a)- 
I'.xprcssed mathematically. ’ \ > 

d(N,0.| 

«|NA,i 


dl 


d{</ 
nr. _ —• 

dl 


V* 

■ - « (r/ - A-) 


or 


d{a~x\ 

~~dt 


- - kj {a - A^ 


where h\ is the propnrtionalitv constant to he called first-order 
vcloaty comlant or specific reactiou rate. 

Tills cciuniion is a diHeremial one i.c. involves infinitesimally 

^mall quamities and is to l,c integrated before this can he applied 
:o experimental results. 

rntegrating. wc get. 

rd{a~x)^ ^ 

J {"- vl 'J 

or hi {a-x\ /.■./^constant. {In nieans lug^ ) 

V '’i'' '=‘' f'aluatfd In- substituting 

^ and / -a lit dll' alion- equation in conformitv with the 

, 'w?nt,ting tlicrc is no decom- 

position (t.e. .1-0). The equation then hcconics. 

hi constant 


dt 



SPEED OF REACTIONS 


313 


Substituting this value of the constant, we get 
In {a-x)=~k^t + ln a 

or, In 


a~x 


This equation is in natural logarithm and to convert it into 
ordinary logarithm, we have no multiply it by 2-303. and so the 

final equation becomes. 

2-303, rt , /liVV 

giving the velociiv coiistaiu or the specific reaction rate ..f a first- 
order reaction, Ar/in terms of measurable quantitie>. vtz. rlie trat- 

tion decomposed in a given time. 

If we put a-x-c i.e. concentration we get 

lot? c= — — t-^loira ... ■■■ {hO'XX 

ie log c plotted against t gives a straight line of negaiive slope. 
This is shown in Fig. 100 for N,0, decomposition. 

Time of Half-Decomposition —The time recpiiretl for halt 
decomposition, T is easily obtained by putting v-rf- m 

equation (1). when wc get. 

' ^^'-iOHloK’-^^lT’^l^i^constant • (2)-XX 

ie in a mono-molecular reaction the dme <>f half-tle.tMnposuion 
or' period of half change is a constant. The sigmitcance of d i- 
st'itcment is that if half of the substance decomposes m. sa\. 
on^rv it will be reduced to A x I f.c. one fo.irtb m two davs. 
onc-dghth in three davs and so on. For a mono-moleculai 
reactiln this is not only true for lialf-dccomposition but. as can 
be easily proved, for decomposition to any given fraction and m 
we may^statc that in a first-order reaction t ic frai~lun. 
in a Jven time is independent of the tmttal concentration. 

Unit of jfe. -Another interesting point about 
reaction is that tl.c value of the constant /t ts ; ' / ' \ 

imir in which concentration is expressed, since ' 

involves only ratio of concentrations. However, ibc mnm . 

value of k Spends on the unit in which time is exp esscc . 
rime is cxiiressed in seconds, fc, is in reciprocal secomls (see ). I 
riolc7o"d^ that Ihough the value of - 

is sixtv times its value in seconds, the amount decomposed m < 
^inut^ U much less titan sixtv titnes the ant.mnt .Iccontposcl 

the first one second. , 

Physical Significance of C,-'nie . 

clear apVcciation. Taking a '"lYtirn.eans tlmt 

the decomposition of , (K)137 fraction) 

if we have any solution of H, 0 ,. 4 37 per con I 


It WC nave auy , * • j .1 i 

of H2O2 would decompose per minute providec 
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(say, by adding fresh H^Og from outside) the initial concentra- 
tion is maintained constant throughout this one minute interval. 
Note that solutions of HgOg of any concentration whatsoever will 
suffer the same percentage loss per minute. Also, if the imposed 
stipulation of constant concentration is not adhered to, it can be 
easily shown from equation (1) that the per cent decomposed per 
minute will be somewhat less, viz., 4'26 per cent per minute. So, the 
physical significance of is the fraction decomposed in unit time 
at constant concentration. 

Examples of First Order Reaction — (a) Gaseous Reactions — 

Examples of first order reaction in the gaseous phase are not 
many. The classical example is the decomposition of nitrogen 
pentoxide which has been intensively investigated and h^s been 
found to obey closely the first order equation not only in the 
gaseous phase but also in solution ; 

N.,0.. — > N„0 + iO.. 

Some other examples of homogeneous gaseous first order reaction 
not too complicated by side effects^ are the decomposition bv heat 
(called pyrolysis) of acetone, azomethanc and dimethyl ether. 



Time (Seconds x 10"*^) 



bi'Z, 'iMSii.s time Fig. 100 — I..ijiearity of log 

versus lime 

Fig. OU graphically rcprcseiu.s the deconq)osition of N./)- 
•ho \ing the ilecrease of concemration of N.,0. with time. The 
^aIn( data have been plotted as log c against time in Fig. 10(> 
'^■h»Tein it would he seen that a good straight line is obtained in 
agreement with etjiiaiion (1</) proving this to be a first order 
I'c.T. •ion. 

There are a nunilxr of other reactions which though follow- 
ing first order etjuation have been found to take place partlv 
or ci,:ircly on the surface t)f ilic reaction vessel or a catalyst. Thus 
the clt-cornin>sitions of the phosphine, PHg or arsine, AsH^ are 
fir.'Jt order gaseous reactions, taking place almost entirely on the 
surface i.e. wall of the container. Such reactions are often called 
waU-rcaclioHS. Siinilarlv. N„0 decomposes catalvtically by a first 
order equation almost entirely on the surface of a hor gold wire 
introduced in the vessel. 
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Another type of bod'y^is'SrreoTiSjin^^^^ atoms 

wall or at least requires a N + N = N-. etc.) because if 

to molecules (for out high exothermic energy ot 

binauon reaction on a solid surface. 

O TomrosWon"”' o":rder"« onV- 

X^gaTous Pha- 'but ;>>- , 

sively investigated ‘ substances, n--., by bnelv 
Se™ such ‘a?p.au„L, gold, etc., by tbe enayme called 

blood catalase, and by the i i ® keeping a solution ol 

’'f';Lwt“o-2N)‘'at constant tempetature in contact with 
the peroxide (alwut „f the solution are withdrayn 

lh;r”tfe intervals of rime and are quickly run into lOt) c.c 


HVOBOCEN PEROXIDE D ECOMPOSITION 


Time, 

minutes) 


Pennanftanate 
Titrc. (n— *) 


H,0, decomposetl 
in c.c. ^ 



Specific Reac- 
tion Rato, t 
per minuto 


00435 

0-0438 

0-0429 

0-0440 

0-0444 


Mean 0*0437 


ieed water to eheek further ^'i’on witj?^ smn- 

centration of the peroxide is forceoinc table is compiled 

dald permanganate \ ^ Since in unimoU- 

on the basis of such an cxpcrim ‘ concentration'^ 

cular reaction it does not ‘ the volume of permanganate 

"-■ ™“ 

.■h*..™ .si";™' 

g-'Ei- r sr=:. ^ ^=.s?i5£°°s.ir,S°.“°f 

H O in presence of dilute acid as ca 7 - , -..ction is easily 
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with standard base uom time to lime. The following table gives- 
the volume of alkali required to titrate the acid after definite 
intervals of time and the calculated specific reaction rates, 
according to equation ( 1 ), remain admirably constant in both the 
experiments. 


Conversion of Hydroxy-valeric acid into valero- 

LACTONE BY 025 (N) HYDROCHLORIC ACtD AT 25‘’C 


Time, mi 

c.c. alkali 

i-, X 10* 

Time, mi 

c.c. alkali 

1 

10 ‘i-. 

0 

19-04 


1 

0 

18-55 i 


48 

17-60 

32-5 

46 1 

17-11 ! 

39-3 

76 

16-90 

39-0 

125 ' 

15-18 

39-3 

124 

15-80 

59-5 

174 

14-22 

39-5 

204 

14-41 

, 39-8 

221 1 

13-49 

39-5 

238 

13-94 

1 39-3 

262 

12-97 1 

39-3 

289 

13-37 

1 39-4 

307 

12-45 

39-5 

complete 

1071 

* 

1 • • • 

1 

complete 

9-87 

« » » 


In addition to the alrcadv mentioned classical case of the 
decomposition of nitrogen penioxidc vapour, many cases of gase- 
ous unimolecular reactions have rccentlv been brought to light. 
The decompositions by heat (called pyrolysis) of tlic vapours of a 
mmilicr of organic compounds like acetone, aldehydes, etc., arc 
mostly unimolecular and tbev have l>ccn rccentlv studied in great 
details. 


Some More First-order Reactions-Tbc hydrolysis of cane- 
'ugar in presence of dilute acids as catalvst to form glucose and 
fni( lose ac c ording to the i'(|uaiion — 

- U,0 . C,dI,A-C,H„0, 


(hough apparemlv bi-inolccular fcdlows the unimolecular equa- 
tifui. This is because in the above reaction which is usually con- 
'ici(.ied in acpieous solution, the c-cuiantration of water remains 
I'.a.'' rirallv constant, and so. the reaction speed is proportional onlv 
I'l ;'v ' oncentration of cane sugar. Such reactions arc sometimes 
■ (. V 'Madccrrcnilv stvled psciido-unimolcctilar reaction in place of 
il' ' ■ aj>propriatc term first-order reaction. 

rhi' ’•eactioii. called 'inversion of aine su^ar,' since the opti- 
I a! VO’. changes from dexiro to laevo during the course of the 
n - 1 lion, occupies a prominent position in reaction kinetics as 
] im: the first chemical chanue lo he timed in IHfiO hv Wilhelmv. 
T!i re aeiion is usuallv followed hv observing the optical rotation 
in a polarimctcr. If 7 , is the initial rotation and ■%„. the rotation 
ifur completion of the reaction and 1 , the optical rotation at any 
rime. t. then, “ci” the total cpiantitv of sugar originally present is 
proportionaf fo the total change in rotation. 2 ,- 7 ,,. and (ci-xl the 
fraction of sugar remaining at time, t hcccmies propcfftioiial to 
the actual change of rotation after this interval i.e. These 
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values ,.lien substinited in the first-order ctiuation /.-/ 

[aj^a^x)], give. 




fe = - log 

* / ^ a — a 


|:h-XX 


Some values of k, calculated according to the alnne equation arc' 
given in the following table, shoeing the hydrolysis o 
(0-44 molal) in presence of 2/, molal formic acid. I he constant, 
thus calculated remains fairly constant. 

Hydrolysis of Cane Sugar 


Time t 
(hovir.s) 


0 

2 

4 

6 

8 


Observeil, 
Rotation ' 

X 

1 rt — fl„ 

/; = If*;; “ 

1 " n-ti,. 

Time, t 

ObsL*iAf<l 

Rot.itiun 

• 

t oi>stAnl , 

57-90 {<!,) 
53-16 

48-50 

44-40 

40-50 

0-0146 

00149 

1 0-0147 

j 0-0147 

15 

35 
s52 . 

85 

rtnii/ilele 

28-90 

6-75 
—2-05 
—11-25 
^ —15-45 (o„) 

til*' mi — 

1 

0-0146 

0-0148 

0-0148 

0-0146 

0-0147 


Another reaction of this type where a truly hi-.noleu.l u 
reaclit.n heconics of first order owing to one of the reactants oeng 
the sohent itself is the interaction hetween acetic anhydiidc and 
ethyl alcohol in alcoholic niedinin according to the e.pii.ioii 
?CHCOhO + 2C,H.OH = 2CH,COOC,H,eHA This reaciion 
If^s been studied experimentally and the speed has heen found 
to follow the first order equation. 

Mathematical Formulation of Second-order Reaction — ^ 
tions in which two molecules (which may be same or ditferent) take 
part and the rate is proportional to the concentration oi v.Kh ot 
Jheni. arc called bi-molecular or second-order reactions. 

Let the reaction be represented as 

A + U C + D 

If the original concentrations of A and B are a 
tively and if .v represent the number of mols of A or ot 1 t eton 

posetl in time, t, then 

_ j?' =k.,(a-x){h^x) 

where k is second-order specific reaction rate. This equation on 
imegrating hy the method of fractional parts yields the equation 

j, L-_loir ... ... {4)-XX 

* 2 - t{a-h) ^ a(h-x) 

If the original concentrations of A and B arc equal we have 
a — b and so. 
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{a) CH3COOC2H5 + OH' = CH,COO +CMS>H 

{b) 2CH,COOaH5 + Ba(OH), = (CH3COO)„Ba + 2C,H,OH 

Another good example of a second-order reaction is die 
conversion of ammonium cyanate into urea according to the 
equation, + CNO" = CO(NH2)2. This reaction is one of 

the very few ionic reactions not involving oxidation-reduction 
which proceed at a measurable speed. 

Comparison of First and Second-order Reactions — \Vc 

summarise below the main features of first order and second order 
reactions. 



First Order R€aetit>ti 

SeconJ Order licaction 

Specific Rato 
constanU; 

4*1 and 

a-.- ' In <■ 

t a — x 

BB9| 

Variation of 
concentration, c 
with time 

log c decreases 
linearly with t 

1 

1 . 

— increases 
c 

linearly with t 

Dimensions of 
kt and k. 

A 

Independent of ' 

concentration 

(tiV/ic***) 

Depends of 
conevntratiun 

Conc.~‘') 

Half •decomposition 
period, 

Independent of 
initial concentration 

Inversely proportional 
to initial concentration. 


That the half-decomposition period varies as above is illus- 
trated from experimental data in the following table for die uni- 
molecular decomposition of phosphine (PH, — + and the 

second order decomposition of N^O (2N2O — 2N2-t-’02). where it 
will be found that the time for half decomposition is constant for 
the uniraolecular reaction but is inversely proportional for the 
himolecular reaction. 


H.\LF-DECOMPOSlTlON PERIOD 


Drcoinjiiioition • 

of Nitrous oxide 

De root jx>si t ion 

of P/ioi^pftinv 

Initial 

Pressure 

Half-Lifo 

Period 

(sec.) 

Initial 

Pressure 

Half-Life 

Period 

(sec.) 

1 

296 

255 

707 1 

1 84 

139 

470 

79 


62-5 

860 

37-5 

B3 , 
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Third-order Reaction— The equation for a third order re- 
action in which three different types of molecules take part is 

_ =k^{ii-x) (b-x) (c-x) 

at 

where a, b and c arc the initial concentrations of the reactants 
and .V denotes tlic number of mols of each which is decomposed 
in time t. A special case arises when the initial concentrations 
are equal i.e. a = b = c. The equation then becomes 

dx , , 


wlticli on intcgiarion changes to 

1 - ( 11 

I (rt - .r)* tr I 




h 


(7)-XX 

chloride 


The reaction between stannous chloride and ferric 
in solution according to the equation. 

Sii(.'L-t-2FeCh — SnCl,-f2FeCL 

has l^cen found hv Noves to he termoleeular conforming to the 
above kinetic equation. 

Onlv a few third order reactions in the gaseous plnase are 
known and ihev all involve nitric <»xide- NO. vh. its reaction \Mth 
a ., hr... (). or H,. A remarkable fact about the velocity of the 

reaction 2X0 + 0..“— 2NO.. is tliat the of this rcnctiou 

(Iicrcascs zntli nsr of tnufuraturc. tliough generally, the speed 
iiuTeasc-« two to three-fold per ten degree rise (»f temperature. 

It mav however he generallv remarked that reactions of an 
order ihrie <»r lii'j;;her do '•vlchun occur and in fact, the termoc- 
cnlarliv ot die loregoing reactions is on very p)c)d grounds 
<loubted liv lii.inv liiemists. 'I'he reason lor this is that the 
(hance of tliree <»r more moleetdes colliding simultaneous’ is 
.o remote that the imssihility of their occurrence is negligible. 
The present helief i» that a reaction, however complex, is the 
nu I'ffcct of a nunilu r of simple bi-moleculnr and nnimolccular 

fcacrions of varying >pccds. 

Zero-order and Fractional order Reactions —A reaction is said 
10 he of zero order wlic-n the speed is proportional to the zero 
power of die concentration i.e. the reaetioti speed is constant and 
is independent of the concentration. Tints the reaction, hro- 
initiation of acetone .according to the ecpiation. 

( U (’OCn .-Hr > Cn,COCH.Br+HBr 

said to be of zero order with respect to the reactant bromine 
inicc the reaetioti speed is not influenced by a change in the 
concentration of bromine within limits. 

Not all reactions arc of zero or integral order and manv 
fractional order reactions arc known. A very well-known and 
ilieorctically important reaction is the conversion of ortho- 
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hydrogen to para-hydrogcn which is found .to be of ^-order. 
Usually such order involves a mechanism where atoms or free 
radicals arc intermediates. 

Determination of the Order of a Reaction — The order of 
a reaction may be determined from experimental data in either 
of the following ways : — 

(a) Application of the Fornrjla — The method consists in 
trying to fit all the eejuations for the different types of reactions 
with the collected data and in finding which of the equations gives 
the most concordant constant for the specific reaction rate. k. The 
method is laborious and sometimes the reactions are too compli- 
cated to yield a satisfactory constant with these simple ecpiations. 

(b) Method of equifractional parts — It is often convenient 
to determine the time required to complete a given fraction, say. 
half of the total reaction for different initial concentrations. This 
‘half decomposition period’ should be a constant for a first-order 
reaction and inversely proportional to the concentration for a 
second order reaction and so on, for reactions involving equal initial 
concentrations of the reactants. 

(c) Method of Graphing — For first order reactions if loga- 
rithms of concentration arc plotted against time Ing c against 
t), straight lines arc obtained (Fig. 100). For second order reaction, 
straight lines arc obtained by plotting graphically reciprocal of 
concentration (1/c) against time, and for third order reactions by 
plotting 1 /c* against lime. 

(d) Method of Isolation — This consists in varying the con- 
centration of one of the reactants and studying its effect on the 
reaction speed while the concentrations of the other substances arc 
kept very large so that they do not sensibly vary during the course of 
die reaction. Thus the reaction, 2FeCl3-HSnCL — >• 2FcClj-4-SnCl^. 
is termolecular since the speed is proportional to the concentration 
of stannous chloride when the ferric chloride is in large excess and 
is proportional to the square of concentration of ferric chloride 
when the stannous salt is in large excess. The method has recently 
fallen in disrepute, since it has been shown that the speed varia- 
tion in presence of large concentrations of other substances, parti- 
cularly electrolytes, may be quite different from the normal 
behaviour. 

Mechanism of Reactions -As pointed out in the iniroduction 
it is frequently observed that the chemical etjuations arc nof 
in agreement with the kinetic order of the reactions. I hus. the 
following reactions ;irc all found to be kinetically bimolcciilar 
though in the chemical equations represented in their simplest 
forms they appear to be uni-, hi-, icr-, and teiramolctular 
respectively. 

(а) 

(б) CO-l-Cl, — >»C0C1, 

21 
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. (c) Ba(OH),+2CH,COOG,H,-^(CH,COO),Ba+2C,H,OH 

{< 1 ) 2HgCI,+H,P0,+H,0 ^ 2HgCH-2HCH-H,PO. 

The explanation of this is that a chemical equation fe-' 
presents the over-all reaction which is composed of a number of 
consecutive steps the slowest of which determines the observed 
reaction speed. Thus, in reaction (d) of the previous list the 
first step is a bi-molccular slow reaction represented by 
HgCh-hH,PO,-^HgCH-H,PO,-t-HCl 
followed by the extremely rapid reaction, 

2H,P0,-|-H,0 _> H,PO,+H,PO* 
and so, the observed effect is tliat of a bi-molccular reaction. 

Another very well-studied case of reaction mechanism is the 
decomposition of hydrogen peroxide catalysed by halogen ions. In 
the presence of say, iodide ion the reaction proceeds through the 
following stages — 

= H,0-f lO'*; lO'-i-H.O, = H,0-i-0,-i-I* 

The first stage which is the slower reaction determines the 
reaction speed, since the second stage is dependent on the first 
one for the supply of 10“ ions. It is interesting to find that 
lO" ions arc produced by the first reaction and consumed by 
the second reaction and hence, after a small initial period it 
maintains a small but constant concentration throughout. 
Similar small but constant concentration of one of the comparatively 
unstable intermediate products is characteristic of many reactions 
and such a condition is called a stationary stale. 

A recent result of great interest in which reaction kinetics 
has plaved an iinpr>rtant role, is the discovery that in nitration of 
))eti7.ene and similar compounds bv HNO^-HoSO, mixture, the 
nlironium ion is the real nitrating agent as shown below, 

2H,SO, + HXO, „:^2HS0 H,0+ 4-KO,+ 


( H, -f N0„+ C J l,NO,+^ C,H,NO, + H+ 

mechanism of m.mv reactions has been established bv kinetic 

• • 


’ .C>. 

Chain Reactions— As postulated above, most reactions arc 
r result of a number of consecutive reactions. An interesting 
( is the combination of hvdrogen and chlorine in presence 
.i small concentration of chlorine atoms introduced by illumi- 
1 . ulon or bv some other process. A fast reaction immediately 
takes place according to the following scheme — 

(ri) (’14-11, = HCl+H; 

(/<) H-I-Cl. = HCl-t-Cl; a & t>: and so on. 

.'\ chlorine atom is consumed in the first reaction and is 
prcKluced in the second reaction and the cycle repeats itself 
continiMuislv producing a reaction chain : and as many rcacdon 
chains are started as there arc chlorine atoms. A reaction caused 
by a series of such succc.>sivc processes is known as a chain reaction. 
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Such chains are initiated not only by atoms but also bv free 
radicals or even energy-rich molecules. Chain reactions arc of great 
importance for reaction kinetics, because many types of chemi- 
cal reactions including explosions involve a chain mechanism. 

Complex Reactions —Commonly occurring reactions do 
scarcely conform to the ideal types hitherto described. Coam- 
tions arc generally more complicated due to the presence of (a) 
counter or opposite reactions (b) consecutive reactions (c) side 
reactions, and (</) period of induction, and due allowances are to 
be made for these disturbing influences. 

Period of Induction— Some reactions seem to have a period 
of induction i.e. a short period at the initial stages 'vhen the 
reaction seems to be almost at a standsull and it goes on ^Mdl 
normal speed after this period. The first observed case is the 
reaction between hvdrogen and chlorine in the presence of sun- 
licht to form hydrochloric acid. Such induction or inhibition 
ncriod is very common in photochemical and polymerization 
feactions and' is often due to the presence of negative catalysts 
as impurities which arc being destroyed during the induction 

^ Influence of Solvent on Reaction Speed— Tlie classical study 
is by Menschutkin (1887) who studied the kinetics of the 
sation reaction, say, between trimethyl amine and methyl iodide 
to form the quaternary ammonium iodide 

(CH,h.N+CH,l ^ [(CH,hN ]+l- 

in a large number of solvents, and observed that a more than 
thousand-fold change of speed could be b^oug^ht about by a 
change of solvent. A more thorough study has been lately 
made by Soper (1931) of the reaction between ethyl alcohol and 
acetic anhydride to form ethyl acetate m various solvents 
Some of his results along with those of Menschutkin arc guen 

in the following table. 


Solvent 


Tricthyl amine and 
ethyl iodide at 
lOO^C; k. 


Hexane 
Benzene 
Chlorobenzene 
Anisolo 
Benzyl alcohol 


0-0119 

0-0046 

0-0053 

0-0029 


Acetic aiiliydrido 
ind t'tlivl alcoliol 
at 50“'C ; 


000018 
0 0058 
0023 
0 040 
0-133 


A satisfactory explanation of these observations is yet lacking 
tliough it has been suggested that dielectric constant is an 
important factor in influencing reaction speeds. Any such 
simple theory is however evidently untenable. It is remarkable 
however that the speed of Np* decomposition is nearly the 
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same in a number of solvents and is almost equal to the rate of 
decomposition of N,0, in the gaseous state. 

Effect of Temperature on Reaction Speed : ® 

Activation —The speeds of almost all reactions are increased by 
a rise of temperature. This enhancement of speed somewhat 
different for different reaaions. but generally, the speed ‘^creases 
between two-to three-fold or even slightly higher for a rise of tem 

perature of 10"C. ^ 

The following empirical equation first suggested by van t 
Hoff and verilied by Arrhenius has been found to represent 
satisfactorily the variation of reaction speed with temperatuie 
for many reactions. Arrhenius’ equation is 

/.^Ze-E/RT (8)-XX 

wiicre /: is the velocity constant at the absolute temperature T. 
and Z and E arc constants, E being called tlic energy of “f ^ 

The above equation implies (which can be easily shown by taking 

logarithm of both sides) that log k of any reacuon gives a 
^ straight line when plotted 

against 1/T (Fig. 101). Fur- 
ther. it leads to the infer- 
ence that other things be- 
ing equal, a large energy of 
activation signifies a low re- 
action rate but at the same 
lime a high temperature 
toellicicnt of the reaction. 
Further, in reactions in 
which primary bonds are 
ruptured or created, the 
energy of activation. E usu- 
:illy lies between 20,000 and 
,n, r- . f, - IT/NM calofics pct molc. 

101-Li.u-an ynf lop < 1 I (N,o. 'phe above equation has got 

<-<)iianon rcprcsennng the variation of equilibrium coptant 
uith temperature fcqii. 118)-XIV). and hence the applicability of 
•luh an eijiiation is judged as an evidence for the existence of an 
equilibrium between active and passive molecules in any reaction 
mixture. 



'rHEOKY OF REAtmON RATE 

Preliminary considerations -The ultimate aim of a theory 
is to predict for anv reaction the value of its Z and E [equation 
(8)]. The current theories arc far short of this goal. Two kinds 
of ihcorctical approaches arc made to interpret the experimental 
values of Z and E. Thev arc respectively called collision theory 
which is based on kinetic thcorv. and tlic theory of absolute 
reaction rate (also called the transition state theory) which lancr 
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is based on quantum mechanics, and eve shall discuss them vers- 
briefly in the next sections. 

It should be pointed out here that the rate of a 

,,c.| 

=ri- H 

Tplcd^f ‘’mc"^lz:.ion''is'“:"v fm Ziremt compounds. 

fo“ ;\:r‘=rch- ;rJ::-c:‘’l.rmice:: .-[nd^erdemly J have to find 
out some other^faemr which determines the rate of a reaction. 

The Collision Theory of Reaction Rate— If we calculate 
from kinetic theory the total number of collisions taking place 
ncr secra in a gas decomposing at a measurable speed and also 

dre total numbeu of molecules decomposing ' 

be found that the former is in far excess of the hatter. Fhat i-. 
ah eXhms in such a gas do not lead to chemical reactions hut 
onlv a small fraction of them is effective m this sense. Hence, 
simnlv molecular encounters do not cause chemical reactions, but 
soTc further conditions must be fulfilled. The question naturaUy 
arises what is this additional impetus which actuates some 
molecules in a given sample to decompose m any pven >ntcr\al 
whi\c others do^ not. though they arc undoubtedly chemically 

identical. , 

The clue to this enigma is suggested by the kinetic theory 
according to which all the molecules in a gas tliough they are 
chemicalW identical are not physically so. They differ widely 
among themselves in speed and hence, in kineuc ener^ content 
Chemical change takes place in only those collisions which occur 
between molecules having relative kinetic energy m excess ot 
a certain critical amount. This critical amount of energy nc s 
sary for chemical transformation of molecules calculated [ - 
mol is called the energy of activation, E for die reaction ait 
molecules endowed with energy greater than this value are called 

‘activated’ molecules. 

...S IS irsrif 

S2.“S s"‘‘ znLLSSl 

of molecules decomposing per second, which is « 
according to collision theory he given by the following cciuatioi . 


Ai=Z^-'t:/RT 


(9)-XX 


where Z is called the frequency factor and E is the o/ 

activation. Thus we have been able to deduce c<iuatum (8). the 
general equation for reaction rate, from collision theor). 
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Transition State Theory —According to this theory the re- 
actants say AB and C first form a transition complex A B C, 

which then decomposes into A and BC 

AB + C A . . B . . C A -H BC 

{reactants) {transition {resultants) 

complex) 

The basic idea is that we must somehow force C to come so clsoe to B 
that B becomes undecided as to which atom it now belongs. This state of 

indecision as to B being attach- 
ed both to A and C. though 
somewhat loosely than before, 
is the transition state., also 
called the octiraied camjJex. 
The energy necessary to push 
C to approach B to create this 
transition state or activated 
complex is the energy of acti- 
vation, E. Fig. IM graphi- 
cally describes the energy 
httfrior created by the forma- 
tion of the transition complex. 
We have, as it were, to roll the 
reactants over this energy hill 
of the ti-nnsilion state to the 
valley of the products. 

A crude physical analogy 
oi ilm energy of uctivati<*n may 
help to clarify the concept. To roll a ball from one valley to another, the 
ball ha.s to be taken to the top of the hill separating the two valleys. The 
difjVri'iuu in level between the two valleys corresponds to the heat of 
rcaitiun. while that between a valley and lop of the intervening hill, the 
energy ot aciivulion. Fig. 102 is a graphical representation of such a 
rni.Lliani>iii fur the reaction, AB + T ^A + BC. 



Fig. 102 — Physical Representation 
of Enercy of Activation 


Tills is amenable at least in prineirilo to mathematical analysis with the 
help of <|uantum mechanics and an equation similar in foi’m to equation (8) 
is nbtaiin*if. Tct iiito anv more details would be much beyond the scope 
Ilf t[ie |»r‘*‘ent bo(»k but it may he remarked that this approach lias found 
moiM favemr and is being much relined and developed to embrace a larger 
niuiil'iT id reactions. 


Exercises 


ir‘'l 


1 ( 


1. r>i'tliue the eNprrssion for the velocity coctficient of a bimolc- 
• ol:ir leactiun. TIow vonld you distinguish between a unimolecular iind a 
b; 'intdccnlar react ion. 

2. K\i»lain the term ’'velocity constant’* and “order of chemical 
i ir»n. *' 

3. Write short notes on : — (ol t'^riler of a reaction » (A) tbii* molecular 
Mnn. (r) Heat of actiw^tion, (f/) Biochetnical catalvsis. 

4. [f one per coni ilori*m))Oves in the first minute in a unimolecular 
roartiun, ralcniate how much would decompose in the first hour. (54*4%] 

5. If /-j sr for three reactions being rc.spoctivelv uni-, hi*, and 
(< r TJiolcf ulnr. when c*onccntratiiin is exjuessed in mols/litre, what will bo 
the above relation if the concentration unit is mols'c.c. 

6. If 100 grns. of A be jirei^cnt in a sohati<ui and x gms. decompose 
;n one hour, liow uill Ibis aim Mint decouq^osed in one hour change on dilution 
nf the oriuinal sobUi<ui to twii e its volume in case the roiution is of |t) first 
ordiT, (u) second order or (mi) third order. 

7. If is the same for three rcaidiims of first, second and third order 
re.spectivcly (unit of c:^niols litre), which reaction should be the fastest? 
Is flii.M inic fur all ranges of conceiUralion T Piscn^s. 



CHAPTER XXI 

CATALYSIS 


Introduction -In 18:15 Ik-rzclius drew attention to the fact 
that the speed of a number of reactions was enhanced by d e 
' r\f *1 foreien substance, which did not appaicntlv 

oi calalvtic chemical reactions, f.ff. the decomposumn <> 

1 I Ktr MnO inversion of cane sugar to glucose and liuc 

Ssc aullUd hv "acids, comhination of hydrogen .and oxygem 
catalvscd hv I'mc-lv divided platinnm, etc. Ostwald tlchnes a cata- 
lyst as a smhstance which influences the speed of „ elumua 
JTaelion hut itself remains unehunsed in muss end composUum 

the end of the reaction. 

iiS rSSif i J"S 

=35 JEiS- - ■== 

^ Helcroeeneous Catalysis -The name apnhes to cataly.s 

such m suppomal mran ittert solid 

importance as it is involved in most technical gas rear lions. 

Some notahle , examples ^e (i) Shon of 

vanadium pcnoloxide in the contact pr ..mmoiei'^ platinum, 

so. to sol. (ii) ^VlrllrToE'f^o^E^lher™ mimEnia, (id) 
uranuim, etc. m Haber's pr t _ ovidcj; of Mn aiul 

powdered iron in mixture with Ni, * nvinuficiurc of Uepii I 
Vh ill the Fischer-rropsch gas»,'(iO 

hydrocarl)ons from a mixture o ^uurrtablc <fils ^uiU as 

liLly divided nickel for hydrofreruitiou bluets 

groundnut oil. cotton seed od. etc. to scim m.iui i 

fVctrctable ghee or Vanaspati), etc. , , „ 

Recently it has been shown that to 

^i:-^et:^tird;ns occurring 



3'2S 


KLKMKNTARV PHYSICAL CHEMISTRY 


caialytically on the surface of ihc containing vessel and so, they 
are sometimes called -u-all-rcaclions (P 314). 


Types of Catalysis — Catalytic reactions are conveniently 
classihed into four types {a) positive catalysis, [b) negative catalysis, 
ly:jauto-calalysis and {d) induced catalysis. 

(fi) Positive Catalysis— This type of catalysis includes tliose 
reactions in which the speed of the reaction is increased by the 
presence of the catalyst. The term catalysis was originally 
applied in this sense onlv, and all examples already given arc of 
this type. 

(M) Negative Catalysis —When the catalyst retards the 
speed of a chemical reaction, it is called a negative catalyst, a 
retarder or an inliihtior. Kxamjilcs of this type arc: — glycerol 
reiaring ilie oxidauon of sulphite by air; alcohol retarding the 
oxidation of chloroform to poisonous phosgene gas ; hydroquinone 
staliilizing vinvl compounds wliich otherwise polymerize, etc. 


'V\tv ini|iortunce t f nrynh\ p catalysis in technology is enormous. 
Unstable clieinicals are |ireiervetl hy fiegalive catalyst, i.g, a Irace of 
|jy<lru<iuin<iiie hlaliili/.i s inuiKJinor.s ; m etanilule or barbituric acitl preserves 
hytirogoii peroxiile ; sotlinin hen/oate is useii as a fooU preservative^ and 
Cffrrft.'Uftn cic. An iin]H)rtant type of negative catalyst is classed 

as ant I oxnlauts which arc of great technical impnrlanco for rubber, food* 
phustit .s ja'iiolciiin and oil industry and billions of rupees worth are manu- 
f.ntinril annually, 'riuis, annual u amines are use<l as antioxidants for 
pr .longing tin* life of rulihor, etc., but the widest lochnicid application of 
ncLfaliNe latalNMs is in tlie use of lead trlra etlivl or iron pentacarbunyl as 
'fifth Hi motor fuel. It is lu.wiMlays believed that such reactions are 

ifittin aiul neualive caialN^i^ retard tlic reaction by breaking a 

\ ilal brd; in tl>e cliain. 


ifti 

o! 


rl- 


Aiito-Calalvsis -Sonu reactions proceed with gradually 
rnf./diiy dp lo the formation of a catalyst as a result 
lu-itiiial ri;iui<iii. Thus hvdrolysis of f.sler by water is 
aui< ( ii.ilviii. >iim ilii' aiid liberated as a result of hydrolysis 
lai.il . tile n iction, A common example i.s the decolorisation 
')f oxalic acid bv permanganate, which is initially a very slow 
;:o!i l ilt, alter r-oine time goes on fairlv rapidlv due to the 
; .'tiiiii of MiA^ i.-us. which catalvse the reaction. 


Indueed Catalysis —'Sodium arseniie solution is not 
osi iiM il hv the owgen of the air. lait sodium sulphite is oxidised 
I. da same tcincliiion. If air is p.asscd through a mixture 
oi ; i ill- and ar.cenite solution, both of tlicm undergo simul- 
lam !' ‘^\id,itioii, tiiough the .irscnitc is not oxidisnble by any 
«'f d.r ill. Stances present in the system individually. These types 
of ‘ liiiiis are called induced catalysis, and is due to some 
iraii ic-ni actice intermediate formed in the first reaction. 

Criteria of Catalysis -(M .1 small (juantiiy of a catalyst ^ 
>.ul}ineiii li> c’/fca t an af>lyreciablt' change in the velocity of a 
reiiction. .\ well-known example lo the point is the presence of 
ininiiie traces of moisture indispensable for a number of 
reactions (•.(<’ laieii. Another striking ease is the influence of 


CATALYSIS 


320 


copper salt in influencing ilie rate of oxidation of sodium sulphite 
solution bv air. which is perceptibly enhanced bv the presence of 
copper salt even at a dilution of 1 part tn ten miUiun htres. 

(ii) The catalyst remains tmchatiged in mass and coml)Osition 

Though there is no diminution in amount or any permanent 

change in chemical composition, still the physical state of the 
catalyst maybe changed. Solid crystalline KMnO when used 
to catalyse KCIO, decomposition becomes disintegrated into a line 
powder. Smooth platinum when used as a catalyst m the 
oxidation of ammonia becomes roughened and pitted on the 

surface after some use. 

(ill) Catalyst cannot start a reaciioii — Ostwald helie\ed that 
the catalyst can only accelerate a reaction which is already occur- 
ring very slowly. According to this view, hydrogen and oxygen 
arc actually combining at room temperature, but so slowly that it 
is beyond 'detection ; the introduction of platinum catalyst onlv 
hastens this reaction. This view becomes plausible on the ground 
that hvdrogcn and oxygen do really combine with measurable 
velocity at high temperature, hut with decreasing temperatuie 
the speed rapidly falls off. Ostwald compares a catalvst as a 
•whip on a horse, or oil in a machine only decreasing the friction 
by proper lubrication.' 

The other view holds that hydrogen-oxygen mixture at room 
temperature is a case of ^arrested' reaction or unstable equilibrium 
and the catalyst docs actually initiate the reaction to go to the 
Mate of true equilibrium. It is ditficult to decide between 
two opposite views, “which have been likened to a game in which 
the catalyst is cither comparable to the crowd which cheers the 
players or is looked upon as an essential player without whom 

the game cannot proceed." . 

(iu) The catalyst cannot alter the final state of equilthnum : 
it influences the direct and the reverse reaction to an equal extent 

Since a catalyst is reproduced back after the reaction, and so 

docs not supply any energy to the system, it follows from 
thermotlynamics that it will have no effect on the true cquiUhrmm 
point: its only effect will be to reach the same equilibrium point 
m a shorter time. This point has been expcrimentallv tested lor 
various reactions. For example, it has been founcl that at t ic 
same temperature the yield of sulphur irioxidc is the same, 
whether tire catalyst used be platinised asbestos, ferric oxide oi 
vanadium pentoxidc. 

Since a catalyst has no influence on the final state of ctpiili 
hriiim, it follows that the equilibrium constant. K is indepcntlcnt 
of the catalyst. But K=/e,/*, i.e. K is die ratio of the two velocity 
constants. If the catalyst changes any one of k, and the otlnu 
will also change in the same proportion so that their ratio K. 

remains the same {vide P. 210, eqn. 1). 

(v) Universality and specificity of catalytic ac/ioii— liic 
phenomenon of catalysis seems universal and specific, since almost 
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all types of reactions are catalysed by suitable agents. For every 
reaction however, there is a most effective catalyst, which can be 
discovered only by trial and experiment. 

Catalyst Poisons — It has been observed in many industrial 
catalytic processes, that the presence of minute traces of certain 
substances inhibits the efficiency of the catalyst and ultimately 
destroys the catalytic activity. These substances are called catalyst 
••poisons” or anti-catalysts. ' The most well-known catalyst pison 
is arsenious oxide, to remove which special care is taken in contact 
process. H,S. CO. blgCh. etc. also act as catalytic poisons and 
peculiarly enougli they are usually also poisonous to the organism, 
'riie poisons arc perhaps stronglv adsorbed on the active spots of 
the caialvst and thus reduce the extent of the catalyiically active 
surface. 

Catalyst Promoters —The addition of small amounts of 
foreign substances, which miglit not themselves l)C catalytically 
active sometimes enhances the activity of the catalyst. The 
suhslances added to catalysts for increasing their ac tivity are called 
"promoters”. The most efficient promoter action that has come 
to light is the use of aluminium oxide and alkali metal oxides in 
conjunction witii reduced iron as catalyst in cite synthesis of 
ammonia, tlie cataivtic mixture having the composition 
I'cM- Ah.Oj i K._.0 (or Na.O). 

Water as Trace Catalyst— It itas been reported bv Baker 
(IHlilj and others that manv reactions are totally stopped by 
iuteiisiM- (Irving of the reactants: a selection of some important 
Olio is given heli)\v-- 




^ -f 1 1 fft< r> 


' ■ (’aO. < tiO-f-SO.; Ca()-f2NH.CI 

• r P.'s.-;-!) ; CaO + rcI.t CaOn +Hn: 
NHCl NH-Hf!: H.S + salis. 

4 ♦ 

N.». Kr<>.; Na. Al + IK'I. 

{ ) 


t • ti' fi h' II t ' I , : H ^ : N n — i > . ; (CX ) -f-< ^ ; 

\H 

L:ilcr wtMkcrs tmuM rtriiiirtn nil tln^so liiKlivi;?. For 

I i l 92 oi the Imiwn lolnrntitni hy the iuU'iactjou 

\n aiul 'V'Ti .it li'pnJ air .ii me wlifu* liio clohumifliiication 

li, !n|iiiil an* at .i' i:uihl as th;ti hy |•Ut»!^ph•irus iniuoxiilo. Another 

sinkhii; cxjinplr I In* h*. *li • iZciicliU^i iiiv vonctit^n. \n a critical study 
1 i tlh^ itMcliuu, in tlM3i i t»ti. Itidis that uo [lositive catalysts 

I c v itiff \a|*<nir i" hut on the lontriirv in llio tlryin^ jn'oecss 

[r:nt’s t>l linpuriinN :uc introdmod the uas plnt^r uhicli net as negative 
« hy hn akinu' ir.n iion t li:dn. Kveu 15 ikt i s rlaiin nt' tlie iiihibi* 

Mt'i) iti anal ion and i*»t» of anuinmiinn tlih^ride hv intensive 

tirviiii: is cMnlc'tml hy lh'd»'n*itcin who aUrilnitf'i it to a rcim>vnJ through 
• i' yui^ of « Miidciisat nai m-inlci nccc.ssary for the solid salt tieposition. 

Many aiith^ritic.-^ liowivcr iothimIo to the niitliomicit y of the phono* 
11,01 on at least in a few oi os and attempts liavc hem unulo to advance 3 
'MiiMjiiiii explanaliou ha^ed on dipole nature of water, or chain mcehnnisin* 
or int oiuiediate ctunpou.id t'U mat icn. It miuht he p<^^'^ihle however that 
tin se apparent! V siiinlai' lesnhs are heiiio effect uil hy ipnte different causes 
ami hence, e\erv such u pouted jvaetion he eoubidered in ihs own 

i)^h\ . 
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Types of Catalysts : Catalysis arc nowadays classified on 
the basis of the reactions in which they take part. Thus, alumina 
is an efficient dehydration catalyst whereas nickel is a poworlul 
hydrogenation catalyst. Some of the various tvpes of industrially 
important reactions and catalysis are mentioned below: 


Vatalynt 
Sil\or Oxide 


Reoction ExnmjJc 

(2) Hydration : = CH,-C1I 

\/ 'll 

O OH OH 

EpOXiih\ iHxfVtit 

(2) Delmliation : (\H.OH = CJI, + II,0 

.•i li'oh o/x 01 i: ]inc:i 

(3) Hydrolysis : Oii^-^-Watfr = Fattij rz/yrt? ro/ ZnO, (’a<>. 


Aluniiud . Zirconia 


{(jlycA’ridtsi) 


Twitchcll Hcuct'Ut 


(4) Hydrogenation : 

Oleiines+H, = Paraffins 
Oils + H, C5 Fats 
N,+ H,^NH, 

(5) Dehydrogenation : 

Etliyl Henzene = Sliyrono + H^ 

6) Oxidation : 

Benze + Air = Maleic Anliydride 


Xickft. Pi, Pd. 
Fl-A/AKO, Or, 

Cr,0^/MoO, 


(7) Alkylation : 

Heii/.cne + alkyl halide, alcohol or .AH’I,, HI',. HI' 

olchnc = paraffins 

(8) Isomerisation ; «-Pai'affin — >. Iso paraffins AlClj 

(9) Cracking : 

Long chain hydro- Short chairi hydro-carbons (’lay, Bauxite 
carbon molecules branching at the chain MoO, 

rt/P(0, 

(10) Halogenation : Oiefinos-t-CI, = Diclilorofinc.s Sht'l,, Fed, 

(11) Deliydrohalogcnation : — 

llihalo-olehncs = Vinyl halide Al,Oj, Active iharcoal 


(12) Polymerization : Ethylene — Polythyleno Ziegler Catalyst 

Meebanism of Catalytic Action — Fundamentally, catalysts 
often act by providing a reaction path that has considerably lower 
energy of activation than that of the uncaialyscd path of reaction, 
and all mechanisms arc aimed to find the details of this easier 
reaction path. Catalytic reactions arc usually explained on the 
basis of either of the two theories, («) Intermediate Compound 
Theory and (6) Adsorption Theory. 

(a) Intermediate Compound Theory — ^Tliis theory explains 
catalytic phenomena as due to the formation of unstable inrer- 
mediate compounds of greater activity than the reactants. 'Fhr 
classical explanation bv Clement and Desormes (lrt(K>) of the 
mechanism of the oxidation of SOj by the catalytic influence 
of NOj may serve as a typical illustration of this type. I'lic 
intermediate steps can be represented as— 


(I) 2NO-f (), ^ 2NO, 

(ij) SO,-fNO, = SO,-FNO 

the net reaction being, 280, +0^ = 2S0,. 
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Similar explanations have been found to be true in the case 
of many organic reactions, the most familiar of which is the 
formation of ether from alcohol with sulphuric acid as catalyst, 
the intermediate compound being ethyl hydrogen sulphate as 
proved by Williamson. In Fricdcl-Craft’s reaction, an inter- 
mediate additive compound of AlClj and the acid chloride is 
gcncrallv assumed. Another thoroughly tested reaction mechanism 
of this tvpc is the catalvscd decomposition of H 2 O 2 by iodide 
ions (P. 322). 

However, the isolation of a compound does not necessarily 
prove it to be the intermediate fugitive complex, neither the 
inabilitv towartls isolation disproves the theory. In fact, the 
intermediate compound would be an unstable one. capable of 
readilv undergoing further changes in the environment concerned 
and this may explain the failure to isolate such compounds in 

manv cases. 

* 

(/)) A(Isorf:>tion T/icory— According to this theory it is 
assumed that the reacting substances arc adsorbed on the surface 
of the catalvsi where the close proximiiv of the adsorbed mole- 
cules is responsible ^or the chemical reaction. This theory was first 
suggested bv Faradav to explain the catalytic combination of 
hydrogen and oxygen bv jilatinum and has been accepted with 

modifications bv alnuist all recent workers. 

# 

If is believed tliat on the surface of solid catalysts there are 
some isolated ih tivr sf>ots uhcrc due to the residual a^nity of the 
solid surface, molecules from the gas phase arc adsc>rbcd which 
reau .mtl th- ti llv off leaving the' surface free for fresh action. 
Ilr.'h conceniiaiion of the gases in the adsorbed layer is only 
oiir <if the iaiiors for increased activity. When two molecules 
(ollide and ri;ut. dic heat of reaction remains in the resulting 
n)(»lecule. wb.iili if not deprived of this energy by fresh collision 
automaticallv breaks down again. It is believed that the catalyst 
■iirface renders positive help in draining out this excess energy. 
Apart from these general efTects specific chemical forces nt the 
interface are generally assumed to have some part in the 
plav bv smoothing ilie path of the reaction by loztcriiig the energy 
of activation necessary for the process. 

That -peeifie themical forces come into play in contact 
catalysis can be illustrated bv the influence of difTcrent catalvsts 
upon tile decomposition of cthvl alcohol. For example, an alumina 
. atalvst forms chiellv cthvlcnc and water, whereas copper catalyst 
gives maifilv accialdebvdc and hydrogen. 

; II.,0 [AhOg catalyst] 

f.IlOH'.C 

' tdIgCl 10 -t bL (Copper .. ] 

That AlOg is an electron-poor substance and so tends to attach 
itself to tlic oxvgen atom of the adsorbed alcohol, whereas the 
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electron-rich copper donates electron to hydrogen- may be the 
specific chemical forces which come in jjlay. 

These two theories are not incompatible with each other. 
In fact, the loose adsorfytion compound of the adsorption tltcorv 
and the unstable intermediate compound of the otlicr theory 
are, in essence, the same though clothed in different languages 
to suit different view-points. 

Biochemical Catalysis: Enzymes — Certain s»d)stanccs called 
enzymes occurring in some natural juices, plants, etc. possess the 
incredible capacity of bringing about many complex chemical 
reactions, such as, hydrolysis, oxidation, reduction, etc. Thev arc 
large proteinaceous molecules and their action is mainly catalvtic 
in so far that they do not take part in the chemical change and a 
small quantity of the enzyme suffices to bring about the decom- 
position of a large quantity of the substrate i.e. the substance on 
which the cnzvmc acts. Some very well-known examples of 
enzyme action arc the enzyme zymase present in veast which is 
responsible for alcoholic fermentation of glucose to alcohol, the 
enzyme urease present in soya bean which converts urea into 
ammonium carbonate, the enzyme pepsin and trypsin present in 
the gastric juice and the pancreatic juice respcctivelv ^^hi<h help 
the digestion of food. etc. Ferments, enzymes, hormones, vita- 
mins, etc. are all examples of biochemical catalysts. 

About the kinetics of enzyme action, it is gencrallv observe ! 
that the reaction {peed is proportional to the concentration of 
the enzyme and that the rate of disappearance of the substrate 
follows a unimolecular or logarithmic course for low concentration 
of the substrate but sometimes with the progress of the reaction 
the speed becomes slower. For high concentration of the substrate 
if the enzymes arc in no way hampered in their activity bv the 
prtxlucts of reaction or by other factors, the amount of decom 
position per unit time remains sensibly constant throughout, the 
reaction thus appearing null-molecular or of zero order. It is 
believed that the reacting molecules arc adsorbed on the giant 
(colloidal) enzyme molecules where thev react, and the proihuis 
of reaction then diffuse out leaving fresh space for further adsorp- 
tion. Evidently, such a mechanism of enzyme action has a formal 
resemblance with heterogeneous catalysis, and the falling off of the 
rate is explained on this theory as due to the gradual blocking 
of the active spots of the enzymes by adsorption of the prcKlucts 
of reaction. 

Enzyme action is, however, differentiated from catalysis in 
some important respects. Most enzyme reactions have got an 
optimum working temperature, often tlic blood temperature of 
mammals, below or above which the reaction speed rapidly falls 
off. The enzvmcs often require the company of some smaller 
molecules, called coenzymes, which may be inorganic ions or 
adenosine diphosphate or triphosphate, to be ftdiy effective. 
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The enzymes arc very specific in their action ; the enzyme 
decomposing cane sugar may not decompose malt sugar. The 
reactions brought about bv enzymes arc otten inhibited by small 
quantities of extraneous matters usually classed as poisons, and 
thev generally require a definite range of acidity (f.^. narrow 
limits of pH) beyond which all action ceases. Previously some 
mvstcrv surrounded the enzymes, but recently they have been 
proved to be definite chemical individuals quite a few of them 
having been isolated in the pure crystalline form. 

iMt’ORTANCE OF Eszymes IS SCIENCE AND INDUSTRY. —Organic rneta- 
holism, the conversion of food into energy and structural molecules by living 
matter, i.s a series of enzyme reactions and hence, their study is of vital 
importauoe to the science of biology and medicine. Industry also owes a 
groat ileal to the activity of the enzymes or ferments as they are ordinarily 
calU’fl. Besides the familiar manufacture of wine, vinegar, curd, cheese, etc., 
by fermentation process, butyl acetate and amyl acetate, the two main 
solvents for nitrocellulose lacquers and varnishes are products of fermon- 
iiitinn industry in the seii.se dial their intermediates, butyl alcohol, amyl- 
alcnhol aiul acetic acid along witli many more riz. acetone, lactic acid, etc. 
arc all j>ri'Juced by fermentation. 


Exercises 

1. Ivsplain with illustrations : — (fl) Catalysis (h) Negative catalysis. 

2. What are catalyst poisons and promoters. 

3. Discuss some lommercially important catalytic proce.'sses? 

4. (live a brief account of the various theories that have been put 
forward to explain the pl’enomcnon of catalysis. 

5. Explain (he principal fealuros of catalytic action, \\rite short 
notes on (he iii liistrial uses of any two of the following catalysts : iron, 
nickel, }i]alinii!ii ami vanuilinm pentoxide. 



PART V 

SURFACE CHEMISTRY 


Adsorplion and other intcrfacial phenomena— Colloid 
•chemistry. 




CHAPTER XXII 


ADSORPTION & OTHER INTERFACIAL PHENOMENA 

Introduction — H a piece of cocoanut charcoal is imrtKluccd 
into a closed space containing say, ammonia gas it is observed 
that a good quantity of ammonia is quickly taken up by the 
charcoal Not only ammonia but almost all gases are thus taken 
up by charcoal to a more or less degree. 

It can be proved experimentally that the gas which is ihus 
taken up remains on the surface of the charcoal, and does not 
go into die interior of the solid. The simplest proof of h.s is 
fhat if the same sample of charcoal is more hnely divided to 
Droducc greater surface area per unit mass, u can take up more 
ffas Tfus process of accumulcitton of ony substance (here, gas) 
on the surface of another substance, is called adsorption. Heiuc 
adsorption IS a surface phenomenon and as such, is a faiilv rapid 
procels Strong adsorption is connected with a large ^-'irfacc 
fnd so all <mod adsorbents are solids in a verv (mely <hv.ded 
stat N^only gases but also liquids and substances in solution 
can be adsorbc^l by suitable adsorbents. An example ol the last 
type is met with in decolorising sugar solution with chaicoal 

Adsorotion is generalW distinguished from absorption, ^^hlch 
^ual ^ncradon of chc ^l,s..ncc .mo dm 

t "'oftu.it dmtldM n.,;:dt..orpdon 

fs^folloivcd I.V .. slow process of absorpt.o.. of ihc sul)st...itc ...to 
thf interior of d.c rolid. M..nv authors, nowadays, use tl.e erm 
‘triion’ to denote any process of taking up of a substance by a 

porous solid. 

Charcoal and other solids gain increased power of adsorption 
on heating at low pressures with various gases or in a vacuum at 
tLmTra^ 400" to U)00^C. Such treated charcoal 

is called activated charcoal and this process of augmentmg the 
power of adsorption is called activation. The simplest 
It activation seems to be that the hydrocarbon and other impuntics 

presenrin the carbon arc distiUcxl off Icavmg an extra surface 

which gets activated by reaction with the actuating gas. 

Nomenclature— The material upon whose surface the con- 
centratimf takes place is called the adsorbent (e.g. charcoal m 
the above example), tlic substance which is >'P 

surface is called the adsorbate, and the common suifa c he s cc 
the two phases where the adsorbed molecules concentrate is called 

the interface. , 

Characteristics of Adsorption.- Tl.e most gc.en. feamre o 
the process of adsorption is .bat it ts setecUve’ ,md J 

other words, to what extent a certain substance will bt adsorbctl 
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by an adsorbent depends on the physical and chemical nature of 
both the adsorbent and the adsorbate, and it is not possible to 
predict the extent adsorption in any combination. However, 
it is generally observed that easily liquefiable gases are more easily 
adsorbed. 

Effect of Temperature — A gas is generally the more adsorbed 
the lower the temperature. This is illustrated by the follovsing 
tabic for activated cocoanut charcoal. 



Since tlie amount of adsorption falls off with increasing 
temperature, it follows from Le Chatelicr's theorem that the 
adsorption of a gas is an exothermic process. Tlie heats of 
adsorption have been measured in many cases and have been 
found to varv fmm svstein to svstein and to range from about 
■l.Oihi to (lO.tKtO calories j)er mol. 

Effect of Pressure and Concentration— An increased pressure 
of a or vapour, t>r an itureasc in the concentration of a solute 
(auses inireased adsorjjtion. The increase of adsorption widi 
imrca-ctl pressure is experimeiually found not to be proportiona. 
to pKssure hut is someAhat less and so, preuncllieh puts the 
ail.si rpti(.n proput liou li tc) a fratii*inal power of pressure, and the 
resulting cipiation vhich gives the rclalionshi]> between the 
amount adsorbed and the pressure is known as Freundlich 
adsurptiun isotherm. 



v.Ikvc v is ti e .iniouni ad.<Joibed liv m gms of adsorTcnt at 
pri'-iin P: k ...u! n are constants for any given combination 
at anv temperature. This equation is an approximate one 

and doe- not hold good over a wide range of pressure. 

The same equation of Freundlich approximately describes 
il;e Ijehavioiu of adsorption from solution, with the difference 
ih.'ii itisicail of presM le /' we have to use concentration c. Thus, 
the etjuation becomes. 



(2bxxn 
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Taking logaritlim of both sides, we get 

n log = & + log c. ... (3)-XXlI 

This shows that if the logarithm of the amount adsorbed per 
unit mass of charcoal is plotted against the logarithm of die final 
concentration of the substance adsorbed, a straight line ns ill be 
obtained. This is only roughly true in most eases. 


Two Types of Adsorption— It is generally helievcd that two 
kinds of force arc operative in adsorption processes. The first 
kind is a weak type of force called van dcr Waals force and this 
is responsible for what is known as physical adsorption vvhich has 
a heat of adsorption of the order of 10,U(K) calories, llic other 
type of force which is much stronger is considered to be chemital 
in nature and the adsorption caused by the play ol such forces is 
called chemisorption or activated adsorption. This latter type ot 
adsorption has much higher heat of adsorption usually ranging 
from 20,(KKJ to 60,0(10 calories. It is however very olten nut 
possible to distinguish these two extreme types as both types oj 
adsorption simultaneously occur in most actual cases. A lypica 
example of physical adsorption is that of nitrogen on mua atul 
of the other type is the well-known adsorption of oxygen bv 
tungsten which was shown by Langmuir to lead to a virtual 
formation of a layer of oxide of tungsten on die surface. 


Distinction between Physical Adsorption and Chemisorption 

—The iiucrmolccular attraction responsible for physical adsorption 
is essentially the same which causes condensation of a gas to the 
liquid state as also capillary condensation. Since high boiling po»nt 
means strong intermolccular attraction, adsorbate of higher boiling 
point undergoes greater physical adsorption under otherwise identi- 
cal conditions. 

Another distinguishing characteristic is that physical adsorp- 
tion is nonspecific whereas chemical adsorption involves a high 
degree of specificity like chemical forces. The forces rcspoiisihlc 
for chemisorption is, therefore, much stronger and so. chemical 
adsorption is irreversible or reversible with great difiiculty. i-or 
example, ethyl alcohol vapour adsorbed on finely divided nickel is 
recovered not as ediyl alcohol but as a mixture of CM3CHO -h 11;^ , 
oxygen chemisorbed on tungsten is pumped off largely as tungsuc 
oxide ; protein if adsorbed on charcoal and recovered is found in 
a denatured state. Very often for the same adsorhciit-adsorhatc 
system physical adsorption predominates at low icm|iciaturc and 
chemisorption at higher temperature because chemisorption has 
a very slow rate at low temperature i.e. it has a fairly large energy 
of activation. 


The most common adsorbent, charcoal, acts botli by physical 
adsorption sometimes leading to capillary condensation, and also 
by chemisorption. Oxygen adsorbed on activated charcoal is 
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recovered considerably as oxides of carbon, which proves the 
chemisorption of oxygen on charcoal. 

Langmuir’s Theory of Adsorption- Langmuir (1916) considers 
the process of adsorption as due to an equilibrium between the 
adsorbed and the unadsorbed gas. Langmuir imagines that a gas 
molecule on striking a surface gels condensed there (this is called 
inelastic collision) and evaporates off only after an appreciable 
time, and this time la^ between condensation and evaporation 
causes adsorption. His another premises which evoked great 
controversy and discussion, is that the adsorbed layer is normally 
only one molecule thick though he concedes that under some 
circumstances polymolecular layers (i.c. a layer more than one 
molecule thick) can be built up. 


The adsorption isollierni can be deduced after Langmuir as follows 
Let fiha the number of molecules of a gas hitting per unit surface area of 
the adsorbent in ono second and let a constant fraction say. j of it adhere 
to the surface. Then the number of molecules condensing per unit area 
per sec. is aft. If fy be the fraction already covered up with the adsorbed 
gas, then (l-fy) fraction of the surface is free and so the number of 
molecules condensing per second = The rate of evaporation 

however, is proportional to the area already covered up by the molecules 
and hence the total number evaporating per sec. is y$ where y is a 
constant. At equilibrium, the rale of evaporation is equal to the rate of 
condensation, i.c. 


'.e =a.M (1- 


+ a 


r- 


Niov If is pnqiori ional to the »juantity of the gas adsorbed, say x, and 
o 415 j r* >sure, tl>•ncc wc gel Langnmir’s equation, 

... (4a) 


p I li 
or p 

(I 


(46)-XXII 


''P ... 

7 X a ti 

where n md l> ar. t ;;'.;,inl,^. Eqii. 4a is known as Langmuir equation 


This cqu:* ' «u .igrtcs verv well with experiments as shown 
by the following table compiled from Langmuir’s data. Fig. 103 
sltows the sani.; u.ita as the amount adsorbed (.v) versus pressure 


Af.'imi'TioK OF Nitrogfj< on Mica 


J 

( 

Pressure, p 
(hnrs) 


t X {calculiiUd) 

Ti'inp :=9U ' K 1 

340 

350 

\ 32-8 

- 0 156 

173 

28-2 

I 28-4 


9-5 

23-9 

23-2 


6-1 

1 19-0 i 

19-0 


4-0 

' 15-1 ! 

150 


2-8 

120 

1 t 

11-8 


{p\ curve. Fig. b'l shows the same data plotted as pjx against p, 
and tins is found to be linear in agreement with the Langmuir 
ctjuation. For high values of /i, Langmuir equation tends to 
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reduce ro Freundlich’s equation, which is therefore only a parti 
cular case of Langmuir’s equation. 




Fig. 103— Adsorption and 
Pressure 


Fig. 104 — Langmuir’s Pint of 
Adsorption Data 


However, Langmuir’s equation very often fails at higher 
nressures and it is nowadays believed that in contradiction lo 
Lngmuir’s idea of unimolccular layer, 

arc ^built up owing to intermolccular attracuon of the same 
type as causes gas molecules to condense (physical adsorption). 
Equations based on such ideas of mulhlaycr 

one called B. E. T. equation, have been lately derived which gue 
somewhat better agreement with experimental data. 

Orientation at Interfaces The credit of Langmuir cj^s not 
lie so much in the deduction of tlic above equation as in affording 
a plausible picture of the process of adsorpuon. According o 
Langmuir’s view, the adsorbed molecules arc attached '<> the 
surface by a bond chemical in origin, as a result of which they 

do not re-main adsorbed in a haphazard way but get 
an orderly manner at the interface. In this connection his 
representation of say, palmitic acid on the surface of water has 
become a commonplace idea in surface chemistry. Langmun 
Ls shown that when palmitic acid water su, face 

owing to the attraction of the carboxyl groups for the polar water 





Fig. 10 &— Orientation at Interface 

molecules, they instead of lying flat on the surface 
erect more or less closely packed m a mono-molecular film twd 
their carboxyl ends downwards and the hydrocarbon ^ 
upwards (see Fig. 105. where palmitic acid. C.^H^.COOH molecule 
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has been represented as a rod with a knob at the end, the knob 
indicating the carboxyl group). In all adsorption processes, the 
adsorbed molecules are subject to more or less such directional 
orientations as a result of tlie interactions of physico-chemical 
forces operating at the interface. 

Exchange Adsorption. Permutit. — If a salt solution say, 
calcium chloride is percolated through a column of clay minerals 
it is observed that some calcium ions are adsorbed bv the clay 
which latter gives out an equivalent quantity of sodium ions. 
In the case of kaolin, the reaction can be represented as — 

Sndiiim kao]iii + (Cji++-h2Cr") — ^ (!.i!cium kaolin+2(Na -hCl"). 


This ]>henomenon of adsorbing onlv one of the ions by a solid 
material in exchange for another similarly charged ion contained 
in the solid is called exchange adsorption. 

Important industrial application of this is made in the 
softening and deionising of water. In the permutit process a verv 
porous type of clay minerals called zeolites is used. Hard water 
is percolated through columns packed with zeolites where 
exchange adsorption takes place resulting in an almost complete 
replacement of the Ca*"*" and ions by an equivalent amount 
of Na"^ ions from the zeolite. When the zeolite is almost exhausted 
of its Na''’ions it is reactivated bv percolating a solution of sodium 
salt through it. 


Dc-ionisation of Water — Ucceiuly. svnthciic resins similar to 
zcoliic.s in properties have been developed which not only can 
excliange cations but can also adsorb anions and free acids. Hence, 
if watiT is percolated successively through two columns, one 
containing a resin which exchanges cations with its own H'*' ions 
and another which exchanges negative ions with OH“ ions or 
adsorbs atids, tla- jiercolatc wotiUl lx- dc-ionised water. In all 
advanced couniru'. smh deionised water whith is much cheaper 
to produce is used in place of distilled water in manv industries. 

Surface-Active Agents — Soaps and various synthetic 
detergents, even m verv small concentration. remarkal)ly lower 
the siirfate tension of water. For example, a verv dilute soap 
sohirion has often a surface tension of less than 30 dvnes per 
iin au.unst 72 dynes jier cm. tile value for pure water. Such 
snlistaiucs whiih are extraordinarilv powerful in depressing 
sinl.ue tension of water arc called surface acth'e afrents. ordinary 
snaps being good examples. These are also called capillary-active. 
It can lie shnw n ilunreticallv that the surface active agents 
have a Idghcr i muentration on the surface laver where thev are 
ptohahiy oiienii<I as shown in Fig. l().i These compounds are 

of great tcehnii al importance which is hrieflv discussed in the 
section to follow. 


Wetting, Emulsification, Detergency and Other Surface 
Phenomena ■ Surf.ue-ai tive agents as distussed in the previous 
section arc employed though in small concx-ntrations to perform 
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some highly essential functions in many industrial processes, to 
name a few, wetting, spreading, penetration, ore floatation, 
emulsification, etc. Normally a duck floats on water but if the 
water contains a trace of a powerful surface-active agent, the 
duck will get wetted and may be drowned. For similar reasons a 
dyeing bath must contain the right type of surface-active agents 
to facilitate wetting, penetration and spreading, as otherwise 
uneven dyeing would result. Lujuid drops on say, a metal surtace 
tend to remain as isolated drops but spread into a thin layer it 
a trace of good wetting agent is added. Soldering flux also serves 
similar purpose. The importance of wetting can be wel realised 
from the fact that an acctonc-‘drv ice’ mixture would tieeze 
mercury earlier than liquid nitrogen though the latter is about 
100“ lower in temperature, because the former wets metals and 
the latter docs not. 

Emulsifying power, wettin'r- detergency, etc. are somehow 
connected witii the surface activity tliough the exact mcihanism 
is not definitely known. In fact all phase-sttlxHvmon processes such 
as emulsification, formation of spray, etc. and phase-displace- 
ment processes such as wetting, floatation, clcanmc. etc., are inti- 
mately connected with surface activity and adsorption at an 

interface. 

INIHTSTRIAL AmaCATiONS OK AusoniTioN— Rol li c.nsco.is adsorption nnd 
adsorption from .solution arc- xUilised uidnslnallv. Hie 
important solid adsorbents are the followmi: I'd.-lra- 

vaUd chorcoal of various types, (r) Silim ,j>'l and {<!) Art , tali d nhtmivn. 

Fuller’s earth is used in eiiorinou.x quantities for iviu.inu' petroleum 
anil veeclablo oils. Activated charcoal is used for .Iccolori.smK suKar solu- 
tions for recovery of volatilo solvents from air. for miscd lancous d.-olons- 
inc an.I deodorisinp purposes, and in pas mask. Activated alumina and 
sibca Rcl are nowadays u.sod in dehydration and purification of ^ J 

industrial eases, and the latter i.s used to some oxlont for refininp 
petroleum distillates and also in p.as mask. Amonp otlier ‘'''’I’*'"’''*'" 'f- j 
the separation of Rases by fractional adsorption, vapour phase pailUion 

ehroinaloRrapliy, corrosion protection, etc. 

Exercises 

1. Deduce Lanpimiir’s adsorption equation and discuss the form ibis 
equation takes in the limitinp conditions of very low aod wry tiipli 
pressures. 

2. Distinpuish between Piiysical Adsorr»lion and riieinisor(.tion. \Miy 
is the latter also called acliv.-\tcd ndsorplion. 

3. Give a short account of surface active apenls an.I tlieir imporlaiioc 
to science end industry. 

4. Write notes on :-(«) De-ioni^ed water. (M s.nfa.c -n*;-'-';;'" 
(c) Froundlich adsorption isotherm, {d) i>hase displacemci.t pr.H.s>o. 

(e) cxclianf^o adsorption. 

6 Can you sugRCst an explanation for the fact that p.'y«^‘«- 
bo »ei off by puttiiiR bits of soap in dormant Royaer holes. 

6. What peculiar phenomena vou would notice if by some means the 
surface tension of water is tremendously increased . 
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COLLOID CHEMISTRY 

Historical Introduction — Tliomas Graham in his classical 
researches on lic^uid diffusion (1861) observed that some sub- 
stances could diffuse very rapidly in solution and could readily 
pass through animal and vegetable membranes, while there were 
others which failed to do so. To the former class belonged almost 
all inorganic acids, bases and salts and many organic compounds, 
e.g. urea, sugar, etc. Graham named them crystalloids since most 
of the members of this class could be readily obtained in the 
crystalline state. The other class of compounds which could not 
pass through the membranes was named colloid, from the 
Greek word kolla meaning glue, which was a typical member of 
this class and this process of separation of crystalloids from 
colloids was termed dialysis. The colloid class — Graham observed 
— comprised typical high molecular weight compounds, e.g. starch, 
gelatine, silicic acid, proteins, etc. ; he ascribed tlicir inability 
towards diffusion to their high molecular weights and resulting 
low osmotic pressures. He further supposed that the molecules 
being of very large size could not pass through the pores of the 
parchment membrane. 

Colloidal State of Matter — Tlic above view of Graham has 
undergone some e.sscntial modifications due to later researches. 
It has been siiown that colloids do not form a class of substances 
but ihev arc <»nlv states of matter to which all substances could 
be transformed with more or less case. In a solution of NaCl 
in water, the uliim.ak* units present in solution are and Cl' 
ions, but on dissolving sav, sodium olcate (soap) in water, most 
ilie uhiniaie nnit.s .ire large aggregates composed of millions 
el oleate icjns and some undissoeiated sodium olcate and such 
S'.'iuions exhibit colloidal properties. So, in water NaCl is in 
n ue s(»lution and .'Sodium oleate is colloidal. However, sodium 
diloride can be made to remain dispersed as large aggregates 
in a iion-solvcni bv some roundabout method, for example as 
is jjo.vsible to be done in benzene, and it would be a colloidal 
solution of NaCi in benzene. On the other hand, sodium oleate 
di:solvi.-,s in alcoln>[ and tan be proved to be present mainly as 
iiidividu.d molecules of sodium oleate and not as aggregates as 
in water and so sodium oleate is regarded to be in true solution 
in akohol. Thus, the same substance could behave as a 
crv.-'ialloid in one solvent and as a colloid in another. 

Association Colloids and Molecular Colloids — It was 
observed that substances like gold, sulphur, ferric hydroxide, etc. 
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which are ordinarily insoluble in water, could sometimes be made 
to exist in apparently homogeneous solutions. These solutions 
also had a very slow rate of diffusion through membranes and 
were classed as colloidal solutions. A characteristic property of 
these solutions is that though they appear homogeneous to the 
naked eye, closer observation under a microscope or an ultra- 
microscope reveals the existence of uoti-homogcucity in such 
solutions. In fact, they are simply fine particles of matter kept 
in suspension in a liquid medium. Frotn another point of view 
we may regard these systems as solutions in which the sub- 
division of the solute has not been pushed right up to the 
molecular sta^e but has stopped somewhere midway ; thus instead 
of single molecules separately existing in a true sohition, here 
we have a large 7iumber of stabilised aggregates of hundreds of 
thousands of molecules dissetninaied throughout a liquid mediut}!. 
This type of colloid is sometimes called association colloids 
evidently due to the formation of each colloidal particle by the 
aggregation of a large number of molecules. Almost all 
inorganic colloids such as gold sol, ferric hydroxide sol. silicic acid 
sol, etc. are of this type. 

In contrast to the association colloids there is another class 
of colloids, called molecular colloids or intrinsic colloids where 
the molecules themselves arc big enough to be of colloidal dimen- 
sion and hence show colloidal properties. Proteins such as 
albumen, gelatin, etc., polysaccharides and their derivatives, e.g., 
starch, cellulose and its esters, etc., and other high polymers, 
belong to this class as their molecular weights range from about 
30.000 to well over a few millions. Some of these ‘giant’ molecules 
can form well-defined crystals owing to their high degree of 
symmetry. Many proteins and enzymes which though unmistak- 
ably colloidal, have also been obtained in the crystalline form. 
Even viruses, which in many respects seem to be on the border 
line between living and non-living matter, have been obtained 
in the crystalline state and their molecular size and weights have 
been measured. For example, tobacco mosaic virus, whose mole- 
cules arc 300 m^ long and 1.5m/i in thickness and h.ive molecular 
weight in the range of 50 millions, has been obtained in the 
crystalline state. Thus, the old idea of colloids being non-cry- 
stalline has been completely blasted by later experimental findings. 

Definition of Colloids — Therefore, the essential distinction 
between a true solution and a colloidal solution is that in colloidal 
solutions the dissolved units arc very much bigger than the ordi- 
nary molecules present in true solution. Hence, colloidal solu- 
tions arc regarded as heterogeneous or two-phase systems in 
contrast with homogeneous ordinary solutions. So, we may define 
a colloidal solution as a stable two-phase {i.e. heterogeneous) svstem, 
one of which, usually a solid, is dispersed in a finely divided state 
throughout the other phase, generally a liquid. The diameters 
of the dispersed particles arc usually between 10"^ to 10 ^ cm ; 
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larger particles form coarse suspension, while finer particles form 
true solution. It will be tlius seen that tlie essential difference 
between a colloidal solution and a true solution or a coarse 
suspension is of degree only rather than of kind and there can 
be no sharp line of demarcation between them. 

Size of the Colloidal Particles— It will be interesting at tins 
place to compare the size of the colloidal particles with ordi> 
nary molecules as from the following table. 

Molecular diameter Colloidal particles Coarse suspension 

10'“ m 10"' cm. llTMo 10"- cm'. 10“" to 10'“ cm. 

01 nifi to 1 ni^ 1 uiii to 1(K) nifi > IW) in/i 

It is well to remember that ordinary atoms have a diameter 

* 

of 2 to ') A (0-2 to O-;') m.n ; and \ isib!c light has a wave length of 

•loO to 800 m/i(40O0 to H(»0() A). So. the average diameter of a 
colloidal particle (TiO mu) is alwui an order of ten less than the 
wave length of visible light and about two orders of ten bigger 
than that of an ordinary atom. 

Perhaps the finest sol is Zsigmondy's gold sol whose particle 
size is al>out 10 m.u wheren.s the diameter of the hydrogen mole- 
cule is about O lxnt/i. It is instructive to compare the size 
(diameter) of colloidal particles and otlicr familiar small dimen- 

sions as shown below in Angstroms (1A-- lU”* cm.=-0'l m»). 


Ordinary atoms 

unit in coltulixc 
1']*';^’ ahiiiniin 

Colloidal particles 

Miiro.'-<o[iif liii;i' id \isibililv 
'rulcici'o m'vs.a:.' \irsis 
liifliioiiz.'i virus 
\Va\i‘ U*n;;tU of vi^iMi- lij;ht 
i;a. il!i 

Blood (’.Hi, 


2 to 5 A (0'2 to 0 5 ni/i) 
10-3 A (103 m;-.) 

4 n'/a 

15 lo 100 niM 
About 2 lo 100 n>.ci 
.\li.iut 25') in.u 
300 niii 
ICO in.u 

400 lo BOO ni;it 
.Alioiil 750 ni^ 

About 7.5CX) niM 


It should he enij'h.isised that colloids have large .specific 
Mirlaee. and all proj'ei lies winch wc term colloidal are to be 
aitiiluiicd to the pecnliariiics of the forces operating on the 
'tu lau-. 'I'lie enoiinous surface of a colloid can he easily undcr- 
■ uukI if we ctunpare tlie surface area of 1 c.c. of a solid when it 
IS in the iorni of a cube, with that of the same mass when the 
c ul)e is di\uled iiito snialkr cubes of side Ur- tm. (1 m,u) in 
kngtlt. In the former lase. the surface area is 0 sq cm while in 
the latter case, the surface area is GOOD sq. meters (about one 
and lialf acres). 
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water 



Fig. 106— DialvM-r 


Dialysis— r/ic process of separating a crystalloid from a 
colloid by means of diffusion through a membrane is called 
dialysis. That colloids do not pass through parchment paper or 
other membranesj as already stated, 
was first observed by Graham and 
this property is still the simplest 
criterion for ascertaining the colloi- 
dal nature of a solution and is 
extensively used in the purilication 
of colloids. The apparatvis used is 
called a dialyser, which in its simp- 
lest form consists of a parchment 
or collodion bag half immersed in 
water. A common form of dialyser 
is shown in the figure (Fig. 10(5). It 
consists of a small bell-iar, 15 
across the bottom of which is 
stretched a parchment paper P 
and the whole is suspended in 
water. The mixture of a colloid 

and a crystalloid is put in the \f, 

dialyser and the outside water is repeatedly change.. . • 

while, all the crystalloids pass through the membi.inc mo 
the water outside 'and the colloidal solution is left m the jnire 
state Though parchment paper has been very estensivelv used as 
membranes for *dialys^ in^ all classical colloidal mves.iganons 
sacks made of collodions or transparent cellophane (rcgciuiatec 
cellulose) paper are now in great favour. 

Nomenclalure— It appears from the foregoing discussion that 
a colloidal solution is essentially a nondiomogimcous system 
consisting of two phases, one of which usually a solid is ^ 
in the other one, usually a liquid. The liquid in w|iich the d . 
persion has taken place is called the dispersion medium and the 
Llid is called the dispersed phase. In colloidal gold, water is the 
dispersion medium and gold is the dispersed phase. 

Colloidal solutions using water as the dispersion medium are 
called hydrosols or, simply, sols. If alcohol is the thspersum 
medium it is called alcosol. We shall call a colloidal solution of 
gold as simply a gold sol. Sols arc sometimes almost as thick as 

a jelly, when they are called gels. 

Classification of Colloids— Sols arc frequently 
into two classes, (a) lyophobie (solvent-bating) ant “1’''''^,^ 

(solvent-loving) colloids. Tbe former class nrcbnles ' ^ 

wbicb may be regarded as simple suspensions-so some mes 

called suspensoids—and here, there is no percti - V 

between the dispersed phase and the dispersion 

sol, silver sol, arsenic sulphide sol, etc. These sols arc . ■ ■ 

called irreversible sols, for, if tlic dispersed phase is once prctipi 
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tated out by some means, it is not generally easy to get it back in 
the colloidal state. 

To the class of lyophilic or reversible colloids belong gelatine, 
gum-arabic, etc. all of which have a marked affinity for water. 
No special methods arc necessary for their preparation, only 
the treatment of the solid with the solvent at a suitable tempera- 
ture being sufficient. The colloidal particles are so highly solvated 
that very often such colloidal solutions are optically clear under 
the ultramicroscope. This type of colloids is also called emulsoids, 
and also intrinsic colloids. 

The basic distinction between these two classes is that 
lyophobic sols are essentially unstable systems whereas the 
lyophilic sols are highly stable. Thus, typical lyophobic sols are 
easily coagulated by electrolytes, but not so, the lyophilic sols. 
It is believed tliat lyophilic sols arc highly solvated and each 
particle is surrounded by a sheath of solvent molecules conferring 
high stability to these particles. 

Distinction between a Lyophilic and a Lyophobic Colloid 

Lvophobtc Colloids Lyophilic Colliods 

{EmuUoids) 

1. Well-defined under a microscope 1. Invisible under a microscope, 
or an ultra-microscope. 

2. Eiisily coagulated by electrolytes. 2. Very stable, not easily coagu- 

lated. 

Coagulated by adding hygros- 
copic substances e. g. alcohol 
etc. or .sometimes by cooling. 

o. T ndergo irreversible coagulation 3. Coagulation is reversible. 

4. \ istoaily same a.s the solvent. 4. Much viscous than water. 

{> 1 , not gelatinise readily and 5. Gelatinise rapidly and have an 

are very nn^tahle on reversal of iso-electric point. 

< liarge. 

6. Deii.'ity. refractive index, etc. 6. Physical properties do not fol- 

follow (lie law cf mixtures. low the law of mixtures. 

. I’n parcd by indliect methods. 7. Usually prepared by a simple 

solution process. 

It fhould be cMuphasisccl that the distinction between the two 
(lasso is not sharp. Ferric hydroxide sol, a i\’pica\ lyophobic sol, 
not li'cU -defined under the microscope, whereas silicic acid sol 
0 lyophilic colloid is railier sensitive to small quantities of some 
e'.ectrol\tes. 

Preparation of Colloidal Solutions —Some organic subs- 
tances, c.j. gelatine, starch, soaps, dyestuffs, etc. form colloidal 
solutions l)y being simply dissolved in water. In some cases, e.g. 
iDastic. gamboge, palmitic acid, etc., alcoholic solutions of the 
substances arc poured in warm or boiling water and the alcohol 
is removed by gentle warming to get a colloidal solution. 

For inorganic colloids, special methods are usually necessary 
which may be broadly divided into two heads ; — (i) Condensation 
method i.c. a method in which particles of colloidal size grow up 
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by the ag^omeration of substances dispersed in the molecular 
state ; and {it) the disintegration method, in which the substance 
in bulk is broken down into panicles of colloidal size. The prepa- 
rations of some typical colloids arc described below. 

(a) ARSENious Sulphide Sol — ^Through a saturated aqueous 
solution of arsenius oxide is passed a slow stream of sulphuretted 
hydrogen. The arsenious sulphide formed remains in the colloi- 
dal state giving the whole solution a transparent yellow colour. 
The dissolved H,S is expelled by bubbling hydrogen through the 
warm sol. The sol, thus obtained, is very pure and is suitable tor 
class-room demonstration of coagulation and other properties of 


colloids. 

( b ) Ferric Hydroxide Sol — To vigorously broiling distilled 
water, is added, drop by drop, a freshly prepared staturated solu. 
tion of ferric chloride. As each drop falls in the water it suffers 
hydrolysis (FcCl^ 4 - 3 H 20 = Fe(0H)3-f-3HCl). forming a deep red 
sol. The sol obtained is rapidly dialysed in a parchment bag 
against warm water to free it from the HCl and undccomposccl 

FcCl,. 

(c) Silicic Acid Sol and Gel— To a solution of sodium silicate, 
commercially known as water glass or soluble glass, made to a sp. 
gr— 1T4 is run in a solution (4N) of HCl with constant stirring un- 
til the acid is in excess. The mixture is diluted to more than twice 
its volume and dialysed for a few days against running water, until 

the dialysate is free from HCl. 

To prepare silica gel all that is required is to use a more con- 
centrated solution of the silicate and to allow the dialysis to con- 
tinue for a longer rime when the sol ultimately sets to a lelly. It 
a strong solution of sodium silicate is acidified with acetic acid or 
any acid, and set aside, the whole thing sets to a transparent jellv. 

(d) Colloidal Sulphur {Oden's method)— A strong solution 
of sodium thiosulphate (3N) is added drop by dr<>p to cone, sub 
phuric acid. The solution on cooling deposits sulphur, which is 
washed with water. This mass of sulphur dissolves completely m 
water to give a clear colloidal solution which mav he purified by 
dialysis or by rc-precipitating with sodium chloride, washing and 

redispersing in water. 

(e) Zsigmondy's Gold Sol— This is prepared by liie rcduuion 
of gold chloride with formaldehyde, glucose, hydra/mc. etc. lo l- J 
c.c of redistilled water containing 15 mg. of go d hydrochloudc 
(HAuCl/3H,0) and 37 mg. of pure KXO,. is added 0,i c.c. o a 
dilute ethereal solution of phosphorus. A bright red so! results. 
On adding electrolytes the red colour changes to blue owing to 
an increase in the size of the colloidal particles. 


(/) Colloidal metals : Bredig's Method— Bredig s method 
of preparation of colloidal metals consists of estahhslung a direct- 
current arc between two wires of the same metal used as clccTroclcs. 
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the ends of the metal being kept immersed under water in a well- 
cooled vessel. On the passage of current the ends of the metals 
arc torn off and fine particles of metal remain suspended in the 
liquid medium. Sols of gold, silver, platinum, etc., can be pre- 
pared in this way. 

PROPERTIES OF COLLOIDAL SOLUTIONS 

General Properties, (a) Colour— The colour of a colloidal 
solution is not always the same as the colour of the substance in 
bulk. Gold sol prepared by Zsigmondy’s method is red in colour 
or is a mixture of jed and blue depending on tire size of the 
colloidal j;articles. Sulphur sols may be colourless, faint yellow 
or deep yellow in reflected light and reddish in transmitted light 
and it has been possible in some cases to calculate the particle 
size Irotu the colour of the sol. Some sols notablv of vanadium 
pcnioxidc, palmitic acid, etc. assume a beautiful silky appearance 
when the sol is stirred, and the phenomenon has been traced to 
the asymmetric (rod or disk-like) shape of the colloidal particles. 

(b) Density — The density of lyphobic sols can be calculated 
from the density of the dispersed phase and the dispersion 
medium, since it usually follows the law of mixtures. But tlic 
density of Ivophilic colloids, such as gelatine, glue, etc. can not 
be calculated simply by the law of mixtures, since, during their 
formation there is usuallv a contraction in volume. For example, 
a colloidal solution containing 10 gms of gelatine in 100 cc. of 
water occupies only a volume of 00.07 c.c. 

(c) O.smotic Pressure and Molecular Weight— The osmotic 
prc’SMiics ol colloidal solutions arc very small and the experimen- 
tal cletc rminaiion lor lyophobic colloids is not possible due to 
the clitliculiies eiuountcred to completely free this type of 
(olloidal solutions tiom the last traces of electrolytes. The 
presence of a trace of electrolyte so much modifies the value of 
tlie osmotic picssvirc that the effect due to the colloid may even 
remain completely masked. The osmotic pressures of some 
lyiiji'iilic colloids pariiculariv molecular colloids, e.g. proteins, 
ccHulu^e and its deii\ atives, rubbers, high jioivmcrs, viruses, etc. 
hau- been dctcrminc.l with some degree of certainty. In fact, 
this is one (;f the best methods of obtaining reliable values of the 
molecular weights ot such colloids {z'ide P. 182). 

Optical Properties, (a) Tyndall Phenomenon — If a streak 
of : unray is jjassed through a dark room, the dust particles in the 
xiih (jf the light become clearly visible, due to die scattering of 
iglit Irom their surface. Since Ivophobic colloids arc essentially 
la-tirogmeous svstLins, the same principle may be applied to 
c)l)!«ir\e the colloidal panicles. If a colloidal solution whose 
particle size is so small as not to be detectable under a micros- 
cojK‘ (below about is placed under the instrument against 

a dark background and a strong beam of light is passed at right 
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angles to the line of view, the Beld beconies at once 'wh 

coloured specks of light due to the scattered light from the colloi- 

dal particles. The individual 


r . 

particles, which were other- ' 

wise invisible, could be thus | 

observed and counted. The I 

above phenomenon is known __Xl ^ 
as Tyndall effect and ihc i 

apparatus for viewing the — — — —3 

colloidal particles, utilising the 

above Ptinciplv, , '’Fi' r 07 -Prmci,,lc of ..lim- 

uhramtcTOSCOpe (tig. 107), fipt ^»g- ^icro.cope. 

constructed and used by ; ^ ah 4 

Zsigmondy (1902). Its limit of resolution is about Om^ i.e. t)Ua‘v. 

(b) Brownian Movement— In the year 1827, ibe English 
botanist Robert Brown observed that pollen grains dlSl)Cl^e<.l m 
water executed a ceaseless random motion. The cause ot tins 
motion was first suspected to be mechanical vibration or convec- 
tion current. But painstaking researches have shown that tins 
motion persists even when confined for years in undergroun I 
cellars. It has been found that this random zigzag motion is 
executed by all colloidal particles, including colloidal panicles 
suspended in a gaseous medium, independent of tlieir nature, 






Fig. 107— Principle of nltra 
microscope. 



Fig. 108 — Brownian motion 

smaller particles executing a more rapid and brisk inonon than 
the larger ones. This ceaseless zigzag motion of the * 

. particles is called Brownian movement after tlic name oi me 
discoverer. This completely erratic, zigzag movement is ae - 
cribed by Perrin as “they go and come, stop, start again, inounc. 
descent, remount again, without in the least tending lowaras 
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immobility.” Fig. 108 is a graphical representation of the 
Brownian motion of two colloidal particles, the position of each 
particle being continuously located by a microscope after a constant 
small interval of time. 

The true cause of the phenomenon was first suggested by 
Wiener (1863), as being due to the unbalanced impacts of the 
liquid molecules on the colloidal particle. The colloidal units 
are constantly hit from all sides by the surrounding solvent 
molecules and are tossed up just like a ship in a stormy sea. In 
fact the Brownian movement is a direct demonstration of the 
ceaseless motion of molecules pictured by the kinetic theory. 

A simple calculation show’s this to be true. Colloidal particles 
are roughly 10* times larger in diameter than, say, an oxygen 
molecule and therefore have a mass about 10* times (cube of 10*). 
Therefore, if such a colloidal particle has the same kinetic energy 
as a gas molecule its speed would be 1/s/lO* times. Now, an 
oxygen molecule has a speed of the order of 5 x 10^ cm. per sec. 
(P. 15} and so a colloidal particle of average size would have speed 
of the order of 5 x lO*/ \/10^ i.e. a few cm per sec., which is just 
quite suitable for visual observation as a brisk motion. 


Electrical Properties, (a) Electric Charge of Colloids and 
Cataphoresis— If the lower part of a U-tubc is filled with a 
colloidal solution and the rest filled with distilled water and a 
potential gradient is applied along the tube by rrieans of two 
platinum electrodes, tlie colloid moves cither towards the cathode 
or towards the anode with a speed of the order of 10"* cm. per 
sec. per unit potential gradient (about ten times slower than ordi- 
nary inns). So. it is found that colloidal particles arc charged like 
ions. This phenomenon of moscmeiit of a colloid in an electrical 
lield is known as Cataphoresis or bv the wider term elcctro^hori’sis. 
I fie colloitls may be positively or negatively charged as shown in 
rile table. Ibis cb.-nge. most likely, is due either to adsorption of 
ions hv the colloidal particles or to ionisation of ionisable or dis- 
s iciable groups prc.sent on the surface of colloidal particles. 


i 

Xe^jat i vc/y chor/jed 

Tho hvilroxidc' e * 

The sulphides, e.j;. etc. 


'I'ho metals, e.g. Pt. etc. 

1 

1 Silicic acid, vanadium pentoxide 
Organic colloids, e.g. starch, 

B isie fives 

1 

gum arabic, etc., 

1 Acid dyoa. 

1 


Lujphilic colloids like albumen, gelatine, etc. arc positively 
t barged in strongly aiid solution and negatively charged in 
tiikalinc solution i for anv colloid of this type there is a concen- 
tration of hydrogen ion at which it moves nciilicr to the cathode 
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nor to the anode. This concentration of H* ion (or, ^H) is 
called the isoelectric point of the colloid, and usually covers a 
small range of The isoelectric point of hemoglobin from 

various sources lies in the />H range 4.3 to 53 and that of gelatin 
round pH 4.7. 

Colloidal Electrolytes — If a soap (say, Na-palmitate) is dissoivt-tl 
in water it dissociates into Na^^and palmitate ions. But the palmitate 
ions, due to their strong cohesion, form groups of such ions which may 
become of colloidal dimension. Such aggregates of ions which of courM.\ 
may contain a few undissociated molecules are called micelles and (he 
colloidal properties of soap solutions are due to the presence of 
xniceHcs. The micelles arc lioweser, good conductors of electricity due to 
their ionic nature. Soap solutions are therefore fairly strong olectrolytos 
with colloidal properties and so, are called colloidal elect rolytee. 

(b) Coagulation of Lyophobic Colloids— If a small amount 
of an electrolyte is added to a lyophobic colloidal solution, it is 
observed that the sol gradually gets turbid and ultimatclv the 
dispersed phase separates out as a flaky precipitate. This pheno- 
menon is called coafrulation or precipitation of a colloid, and the 
solid which separates out under such conditions is called rlic 
coagulitm. As observed under the microscope or iiliramicro- 
scope, coagulation consists simply of the aegregntion of the 
smaller particles into larger ones, which are big enough to settle 
down. 


1 

Ferric Hydroxide sol. 

•* 

i 

Electrolyte 

Coagulating 
concentration 
mild moh 

JKT litre 

NaCJ 

9-25 

iBaCl, 

9-64 

KNO, 

11-9 

K,SO, 

0-204 

MkSO, 

0-217 

1 


Arscnioiis .Sulphide sol. 


Eleclrolvte 

Coagulating 
concentration 
milli mols 
per litre 

1 

N.-iCl 

51 

KNO, 

; 50 


65-5 

MfiCl, 

C-72 

MgSO, 

0-81 

BnCl, 

0 60 

AID, 

0-093 

AUNO,), ... 

0-095 

iAldSO.), . . 

0-096 


The coagulating power of different electrolyte?* is not iho 
same. It is almost solely determined by the valency, i.e.. the 
electric charge of the ion having a charge opposite to that of the 
colloid. It may be observed from the table that for coagulating 
the positively charged ferric hydroxide sol the divalent sulphate 
ions are about 50 times more powerful than the monovalent 

23 
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chloride or nitrate ions, and similarly also for the negatively 
charged arsenious sulphide sol a higher positive valency is a more 
effective coagulant. This fact was obser%'ed by various v.'orkers 
and is referred to as the coagulation role which may be stated 
thus— coagulating power of an electrolyte depends only on the 
valency of the ion bearing a charge opposite to that of the 
colloidal particle. 

Perhaps, the mechanism of coagulation is a neutralisation of 
die charge of the colloids by the oppositely charged ions of the 
added electrolyte, and subsequent agglomeration of the parades. 
This seems more plausible from the experimentally observed 
fact that by mixing up two colloidal solutions, which arc 
oppositely charged, both of them get coagulated. This is known 
as 'mutual coagulation of colloids^. 

(c) Protective Action of Lyophilic Colloids— Lyophilic colloids 
arc not only themselves highly stable but when added to a 
lyophobic sol impart stability to the latter, making the latter 
much less sensitive to coagulation by electrolytes. In excr^i^ 
cases such stabilisation makes it possible for the stabilised colloid 
to be dried and redispersed. 

Tlic protective power of hydrophilic colloids differs widely 
among themselves, and this is made the basis of a quantitative 
iletcrmination of protective power by gold number. Gold nuniber 
is. ddined as the number of inilligrams of the hydrophilic colloid 

which just foil to prevent a 
change in colour {red to violet) of 
a standard gold sol by the addi- 
tion of 10 c.c. of ten per cent 
sodium chloride solution. Some 
representative data arc given in 
the table, where it would be ob- 
served that the protein gelatin has 
a much lower gold number (i.e. 
higher protective action) than the 
nonproicins. Gold number has 
diagnostic value in medicine bc- 
' iu‘^e in some disea'-is of the nervous svstem the cerebrospinal 
fliiicl shows characteristic change in its gold number. 

(d) Peptisation —If a colloidal solution is coagulated, the 
‘'.agiilum will not u..uaUv pass into the colloidal state again. But. 
sometimes, it happens that liv simply washing down a precipitate 
nr hv adding a <liluie solution of a suitable elcctrotylc. the coagulum 
again passes intt) the colloidal state. Fresh coagulum of ferric 
hvtlroxifle easily passes into colloidal solution when treated with 
dilute ferric chloride solution : the latter may be then removed 
by dialysis to produce a stable sol. This process of transferring 
bach a precipitate or coagulum into colloidal form is called 
peptisation. 


Silbituiicc 

(tf»ld number 

Or. \t rih 

125 150 

Slarrli 

10-15 

(Uiin Anbic 

, 010- 015 


; O OCtS -0 0125 

i 
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Ulirafiltbation— A colloidal solution easily passes through an ordinary 
filter paper^ since^ it£ pores are not small enough to retain the colloidal 
particles. Bechhold, however showed that a properly supported membrane 
of collodion or hardened gelatine could retain the colloidal particles. He 
prepared membranes of different pore size by varying the concentration 
of the collodion. By using a series of such membranes it becomes easy to 
determine the particle size of a colloid, by observing whether a given 
membrane allows the colloid to pass through or not. Such a series of 
collodion filters of different pore-sizes are known as graded filters and the 
process of filtration of colloid through such membranes is called ultra 
filtfaiion. 


Emulaons — If the dispersed phase is a liquid, the colloid 

r \ • t *1 ^ 


thus formed, is known as an emul- 
sion. So, wc may define an emul- 
sion as a system containing tuo 
liquid phases one of which js dis- 
persed as globules in another. The 
most common example of emulsion 
is milk, which is simply fine parti- 
cles of fat suspended in an aqueous 
medium : this type of emulsion is 
known as oil-in-water type. Butler 
on the contrary, is an emulsion of 
the opposite type {water-in-oil), 
where fine particles of water arc dis- 
seminated in a medium of fat. 



Fig. 109— Milk ds sot'D 
under a miero.s^ope 


I Ik* shakinK of an oil with watiT <loc.s not iu-<i*ss;.nlv inako an e mulsion 
for. flu* oil and water soon separate into two lavers when i.llo\v<*d to set lie 
It IV necessary for the slahility of an emulsion to ad.l an nnutsificr .,r 
The alkali metal soaps, jr,,!,, acacia, «um Irauacanth. etc., are 
liood stabiliser for emulsious of the oil-inwaler type, whereas heavy metal 
soaps are emulsifiers of the oppo.site type. The *p»‘arnia< eutica! emulsions 
siicii as cod-liver oil emulsion, An^ier’s emulsion, etc., are of the oil-in-water 
type. Ill which various substanecs, r.y. ejin-yolk. casein, nunis. Iri.sli-ri.uss. 
siipfiniri, otc., havo been added as emulsifiers. 


Gels — Sols of gelatine and agar on cooling set to a coherent 
jelly-like mass, and to this is applied the term gel. In spite of 
the percentage of the dispersed phase being verv mu. ill. the gels 
protluced possess some of the properties of solitU. less tlian 
2 per cent agar solution when cooled sets to a rather stilf gel. 
So. hy the term gel may be understood "Irampan nt <>r opalescent 
masses containing a large percentage of liquid which retain their 
shape, offer sonic resistance to mechanical defornu/llon and show 
no microscopic structure**. 


rigid’ 


gels 


(k'ls are generally divitled into ‘clastit’ and 
Cclatine. agar, etc. belong to the former class, while siluic. aiiil 
gel and most inorganic precipitates fall under the l.ittei categors'. 


Die pure gel, if left in air, rapidly lo.ses water, c.'-n at ordinary 
temperature, and dries to a glass-like transparent mass. I'or -suiiie dilute 
gels, the dispersed phase shrinks on standing witli the coii-< •|ii*-iil separa- 
tion of some of the liquid dispersion medium and thi.s is caili .i '■■‘ijnf rfxi»' . 
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The structure of the gels is still a matter of controversy but it is usually 
assumed that it is twu-pha^t UrUlor or network structure of the solid 
phase, dispersed in a liquid phase. It should liowever, be pointed out 
that the term y l itself is indefinite and applies to a variety of substances, 
which may not have a common structure. 

Importance of the Study ot CoUoids —An understanding of 
the behaviour of matter in this finely divided state has both 
theoretical and practical possibilities. But the greatest fascina- 
tion that tills borderline science holds out is certainly the fact 
that life itself, the whole protoplasmic structure and its reactions, 
is colloidal— a fact verv tcrselv expressed by Fischer by saying 
that “Co/ZotW clianislry is the t-ivtlight, between chemistry and 
physics— hut that is where God has chosen to reveal Himself/' 

.Manv commercial piocc-^vcs involve the use of colloidal substances but 
here', jis'iii many c.iscs. the art has far outrun the science and most iiidiis- 
trial knnwlcdge'lia.s been developed on an empirical basis. In large indus- 
as to/tniufj. Jiianiit'avtmv of paints^ phot ogra p/nr 

/uh 7 irfifi 7 of tir,, the subsianves treated are more or less of u Cijlloidal 

nature and a knowledge of tiiis science is essential for the proper controlling 
of the procc.sses. Many /i/ioniinrrntirni i.rejMiratwns are either emul- 
sions. or colloidal siuspcnsions. for. matter in this finely iliyided state is 
siippo.seii to be verv active ami easilv as.similated by the various organs of 
the hoilv. though •’tliere is no evidence that the therapeutic effect of dnigs 
in the colloidal' state i.s belter than that of the same drug in the crystalloid 
state ’ ((Quoted from Hale-White’s Materia Mediea). 

Exercises 

1. What is flraham's dclinititui <if a colloid? In what important 
respod his idi-a.s have been imidififil '' 

2 Wiite short notes on: — (oi Dialysis (ft) TJltramicroscope (c) 
(</i (■alai.l nr,,sis (. ) 1‘crmutit (/) Tyndall phenomenon. (. 7 ) 
riencinent. Is.- ele.tru point and (i) lyophilic and lyophobic 
colloids, i,nd iheir stal- ’dy towards coaguhmts. 

7. W hai is diaK ' Dfsiriiie wbat happens when the following are 
di.dyscl — f<d milk. (/ • bloo l plasma. («) supernatant liquid of boiled rice 
anrl uh .acidified .soluti'-n c f sodium «ili<ate. 
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STRUCTURE OF MATTER 


Acomic Theory in the Pre-electron Era— Elementary 
Particles: Radioactivity— Nuclear Theory of the Atom 
— Electronic Theory of Valency. 




CHAPTER XXIV 


ATOMIC THEORY IN THE PRE-ELECTRON ERA 


Dalton’s Atomic Theory —Towards tlie beginning of the 
last century (1808) John Dalton propounded his celebrated atomic 
theory, according to which substances are composed of an 
immense number of exceedingly small particles which are them- 
selves indivisible by any chemical process. These small particUs 
are called atoms, and chemical union is merely a juxtaposition of 
atoms. 

The vast mass of chemical facts including the law of conser- 
vation of matter and the laws of stoichiometry, viz. laws of 
constant, reciprocal and multiple proportions, and similar other 
hitherto observed regularities, received an able explanation in the 
light of this theory. 

The atomic concept of matter was no new idea; it was freely 
used in the writings of earlier Greek and Indian philosophei s. 
Boyle (1601), Newton (1780). and others, also lachlv as«;nnKd the 
atomic nature of matter and two Irish chemists. Higgins (1780) bv 
name, got so close as to suggest that chemical er)ml)inaiions wcie 
really union between atoms but made the wrong assumption th.u 
the atoms of all substances were ctpial in weight. 


Atomic Weights — fust after the publication of atomic theory, 
there follovscd a Imsv period in which chemists were engaged tn 
determining the relative atomic weights of the thlTercnt elements 
the weight of the hydrogen atom being taken as standard which 
was later changed to the oxygen atom (0-l{>) for pracrital 
reasons. As there was no rational method of know mg the 
chemical formula of a compound, much concision arose and 
different systems were in use and the whole situatir)n was m a 
hopeless confusion until Avogadro clarilied the distinction jctuci it 
atoms and molecules and propounded his celchrarcd liypothesis 
The situation however continued to remain soim what (ontuseo 
until in as late as 1858 Cannizzaro pointed out how' titc A^o- 
gadro’s hypothesis might he utilised for the dc u > nunation ol 
atomic weights on an unambiguous basis. It bccanu' i icn posst ) c 
to draw up atomic w'cight tables on sound theorem il basis w m i 
was unanimously admitted and extensively used bv chemists in 

general. 

Defennination of Atomic Weights b> Chcmic^ 
Methods —The basis of all chemical methods of aioinu h 
determinations is exact analysis by whicb wc can accur..tcly know 
the equivalent weight of diflferent elements, r.e., the weight ol an 
clement which combines with or dis[.laces from a ” 

parts by weight of oxygen or the equivalent weight ol an> other 
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clement. The latter is related to its atomic weight by the simple 
relation: — 

Eqaivalent weight x Valency = Atomic weight 

or in other words, the atomic weight is an exact multiple of the 
e(|uivalent weight. 

So all chemical methods of determination of atomic weights- 
involve cither directly or indirectly ttvo steps, (1) the determina- 
tion of equivalent weight and (2) the determination of valency 
i.e., an integer multiplier, the product of which and the equi- 
valent weight gives the atomic weight. The equivalent weight is 
accurately determined bv an analysis of any simple compound 
of an element, for details of which the student is referred to 
any text-book of inorganic chemistry. An approximate know- 
ledge of the atomic weight added to the knowledge of equivalent 
weight serves the same purpose as the determination of valency. 
I’he true atomic weight is then obtained by multiplying the 
equivalent weight by a suitable whole number which brings the 
value closest to this approximate value. During the historic 
period of atomic weight determination, the following methods 
were taken recourse to. to arrive at accurate or approximate atomic 
weight values. 

(0) Volumetrij* Mrtliod of .-Vvogarlro 

(1) Law of Dulong aiul Petit (1819). 

(f) Law of boiiiorpluj^m of Mitsvlierlich (1820). 

(rf) Periodic Table (1869). 

It may he pointed out that the equivalent weight is a constant 
friore funflamcntal than the atomic weight, as it is directly deter- 
I. lined from experimental ilaia and is, therefore, independent of 
any hypothesis. On the other hand, atomic weights arc values- 
w liich are based on a ihtorv on the ultimate constitution of matter. 

1 fence, atomic weight mav lose its significance if our atomic con- 
icption changes hut the values of equivalent weights will retain 
tlieir importance for ;dl times to come. 

(a) Volumetric Method of Avogadro —This method 
iitilhes Axogadro’s livjioihcsis for determination of molecular 
■ eiglit of rile clement, if gaseous, or of its gaseous compounds, 
'^voin denaty measurements. From such molecular weight values 
it is an ('asv step tir tlclerminc the atomic weight. 

(b) Dolong and PetIFs Law —Another method for the 
lit termination of a rough value of the atomic w’cight is the 
.ipproximatc rel.iiioit discovered hv Dulong and Petit. For solid 
eieuunts, Dulong ami Petit state that 

Specific heat x Atomic weight = 6*4 (approx.) 

It is a rcallv striking fact that though the atomic weight 
values range from 7 (lithium) to 23S (uranium), their products 
with their respective specific heats always come down to a value 
as low as 0 (vide Ch\Tk 
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From the above relation, the atomic weight of any solid 
element is approximately known from a measurement of its 
specific heat. The equivalent weight is accurately determined 
experimentally and is multiplied by some integer (valency) 
which gives a value closest to the' approximate value thus 
determined by the Dulong and Petit’s law. An example is shown 
below: — 

Example 1. The oxide of a m, ta! roufains >1-^2 />• r rent »x>/{tfn. 77.. 

Apcrific heat of the melaf i.t O-mo. /-’iiitl the. atomic lai'jhf ../ t/o m-tni. 

wt. of oxvee-n . 78-58 

Equivalent weight = ormelar^®" 21-42 ><8- 29 54 


U H 

From Dulong ami Petit’s Law, Approx, at. wt. = 


^ 58-77 


=ii=2 (.ince vule.uy is .. whole 
nutnbei-). Tiue aloinie weight = eq. wt. X - 29-34 x2= 58 68. 

For further discussion on Dulong and Petits Law tonsuU 
the chapter on the properties of solids (Ch. VI). 

(c) MitschCrlich’s Law of Isomorphism —Mhstheiiieli ob- 
served that substances, specially the phospliaie> and ar^eiKUe^ 
winch have similar structure crystallise in the same crysialliiie 
form with equal number of molecules of water ol trNstalli> itioii. 
Thesc salts could also form mixed crystals or oveigrowih and 
were called by him isomorphous. From ihc’^e and siinilar 
observations he put forward his well-known law of isomorpliLn), 
which may be staled in the following way -.—ConilMuuh uIih n 
have identity of crystalline form {i.e. isomorl>lioiis) luiyi' similarly 
of structure i.e., an equal number of atoms coniu cu d in the same 
way. 

For a more detailed discussion of the law. th<‘ (hipier on 
solids may be consulted (Cb. VI). 

If one clement replaces another in a eompoimd witliont 
changing the crystalline form, the law of isomorphts-m 
that the clement has been replaced atom foi .aoin. Ilurelou . 
the replacing quantities of these two elements ar>' /o one nnoiliei 
as the ratio of their atomic weifrhs and so. if one <*f tb'- element-' 
be of known atomic weight, the atomic weight <»1 tbf “du-i i.m 
he calculated. 

Aluminium oxide, ferric oxide and chromic oxide arc iso- 
inorphous since the above minerals have the same crvsialline lotm 
and are also found together as mixed crystal . If ^bc atoniK 
weight of any one of these elements is known, ilte aionnc 
weights of the other two can be easily calculatetl from an analy- 
sis of their oxides. 

N. B. The student should note that if two elemoni' A and U f‘irm 
two isomorphous compounds, tho percentage of A : poroiitjgo of It is nut 
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ffjHal to the ratio of their atomic weights; the latter ratio is only equal 
to the ratio of the replacing quantities of A and B, i.e, the weight of A in 
a molecule ; the weight of B in a molecule. 

EyamJ'Lk 2. s^Jfuatt is Uomorphoui with potaisimn sulphoit 

and routains .i.rU per r.tnl. sdcttium. Calcidate the atomic weight of 
selenium. 

Potikssiiim scienate is isomorphous with potassium sulphate (K^SOJ 
.mil so has got the formula KjScO,. 

Mnleculur weight of potassium selcnate = 2xK+Sc+4xO 

= 2 X 39-095 + Se + 4 X 16 = 142- 19 + Se 

Se 

Therefore, (ke perceirtaqo of selenium = 1421941 ^ = 

35-77x142-2 

■■■ 142- 19 + SeX 100 = 35-77 Se = =79-16 

Hence, the atomic weight of selenium is 79-16. 


Since this method depends upon accurate chemical analysis, 
tlie atomic weight values obtained arc sufficiently accurate and 
need no further correction by comparison with equivalent 
weights. Also, even if the molecular formula of none of the 
isomorphous compounds is known, the atomic weight can still 
1)C found out from the law of isomorphism, as will be explained 
by an example (see Example (51 at the end of this chapter.) 


(d) Periodic Table -The periodic tabic (for a brief tliscus- 
Mon. sec Clh. XXV'I) may .sometimes give a clue to the approximate 
value uf ihc atomic weight. For example, indium was found 
l>y .'inalvsis of its oxide to have an equivalent weight equal to 
il^ artjinic- uiight should be an exact multiple of 37-0. 
Mendeic' fl jxhntrd tint that in consideration of its similarity 
op propenics with the third group elements, it was to be placed 
in (Ir. HI nl the lablc and the available vacant space in group 
Hi was lu\.(en latiiniuin (atomic wciglit — 112) and tin (atomic 
wr.Ldu --1 I ^ 1 . So. the atomic weight of indium should lie 
hetv.e' Tt iIk'C two values. Therefore tlic true atomic weight 
■-hi'rl'i lir ; 7 0 X 3 - 1 i:V7 and not 7.V8 (37-0x2) which was tile 
:i ;i [acd v.aliio. The atomic weight of beryllium was also 
I from similar considerations. 


Oi'tirminalion of .Atomic Weight by Physical Methods. 
(' Muss .Spectrographic Method — Physicists have developed 
’ 1 . (hod of accuratelv determining the weights of atoms con- 
’ : < d in a sample with the help of an apparatus called mass 
H . rrngiaph. A r.arhcr crude apparatus was originallv devised 
>v Ihoiu.son which has been later developed into a precision 
iii iruiuent liv Aston in England and Dempster in U.S.A. The 
jirescntday apparatus has an acciiracv of aliout one part in 
lOO.OoO and requires a verv small quantity of the substance, say. 
«» miHigrnm or so. With the recent spectacular growth of nuclear 
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Fii;. 110 — Mass (Si liotuatu I 


chemistry and the use of isotopes as ‘tracers’ in various Helds of 
science, this apparatus is finding increasing use day by dav. 

The principle of the method is rather simple. The substance 
under electric discharge of very high voltage and under high 
vacuum forms gaseous positive ions which move towards the 
cathode and fly past the 

cathode if the latter is per- -'"y 

f orated These ions which / 

are charged atoms or groups a 

of atoms are passed through p /'. 

electric and magnetic fields — ^ ^ 

in such a wav that all ions of ■ wl 

the same charge ; mass ratio /J 

(e/m), irrespective of their 
velocity, are focussed on one 

line on a photographic strip, T I 

P placed to receive them V , ^ 

(Pig- 110). From the posi- Fii;- 110 — Mass S[)e».toi.;r.iI‘ii (Si liotuatii 1 
tion and intensitv of the 

blackened line on the photographic strip or by using siilt.»l)!o elec- 
tric detectors in place of the photostrip, the aioinie weight and 

the relative abundance of tiu‘ t<'rresp->nding 
1 ?^ atomic species in the original sample are 

.[*' #]— 73 calculated. The method i-^ 'O precise that 

if*^— 80 the oxygcti isotope ‘'O (atomic mass iT ooloi 

I; ? S— II distinguished from tlie ( )!!■*■ ion 

^.—40 (17‘0()8). or doublv charged lielitim can I'c 

88 distinguished from single charged he.iw 
^Ar hydrogen. Fig. Ill slnnc- v, hcm.ilic alh 

ilu* mass spcctia of argon. 

, . (<>) ^ Melhod-h', du- u..- of X nv ^ 

it is possible to determine ilu* volunc oi 
ilic smallest unit w’hosc continuation in space buiUl- lin' .ictiial 
crystal. This smallest unit of the crystal d ■' '; lh'i "iiit 
crystal lattice (P. 07) usually contains a small nimd er, ^av 
one. tW'O, four, etc., of atoms or moleciiK' Fi 'in den- 

sity data we can calculate the weight of the nnir 'ttilce winch 
divided by the actual number of atoms in urir l.micc- ol an 
element gives the absolute weight of the atom ft 'n which aronne 
weight on the 0 = 10 scale can be easily calculated 


•i.*' '•i-78 

\^-so 


UAr 


ikKr 


Fig. ill — Mass spectra 
of Argon and Krypton 


Chemists’ and Physicists’ Scale of Atomic \vcights — In litc 

earlier period when nothing was known abo if tin- sdiictmc- 
of atoms, chcmist.s quite logically chose 0= lO i.c. ordinarv 
oxygen = 16 as their standard. Physicists howc\ r ditnonsn ated 
with the help of mass spectrograph that ordinal v nxvgc n is not 
entirely homogeneous but is composed of three nl atoms, 

the three isotopes of oxygen, O'*, O” and 0“, the In .ivicr two Ik ing 
present in very small quantities (P. 392). Since .iiomic weights 
of all individual atoms arc very near to whole nuivibcrs and the 
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nuclear physicists are concerned only with the separate isotopes, 
the physicists have quite reasonably chosen the most abundant 
isotope in ordinary oxygen as their standard and have assigned 
0“^ = 16 and they reckon the atomic weights of all atoms against 
this standard. It should be noted that the chemical method gives 
the average atomic weight of any sample whereas physicists are 
generally concerned with the atomic weight of each isotope 
separately, and the relationship is 

J unit {Chemical Scale)= 1-000272 units {Physical Scale). 


Lxa.hple 3. .471 clement. .4 forms a volatile chloride, of vapour deneittj 

tU. The equtvaknt weight of the dement is iCtOSS. Find the atomic 
in ijht of the element. 

Let the valency of A be x nml so llie formula of the chloride is ACIx 

Molecular weight of AClx = atomic weight of A+xXnt. wt. of 
I'lilorine; or 2xvapour density =equivalent weight of Axvalency+x 
X atomic weight of chlorine. 


or 2xll3=(4O08xJr)+(xx35-5) 
or x=3 (to neare.st whole number) 

Atomic weight of A = 3 x 40-082 =120-246. 


• chloride of a hckIij discovered clement {rhenium) con- 

totns per cent chlorine and iV.f position in the periodic table is between 
tungsten {WfO) and osmium {m-C,). Calculate Us atomic weight. 


Equiv. wt = 


wt, of Rlio nium 
wt. of Cliloritie ^^3- 


X35'45=93-16. 


wt. of Chlorines 


100 -27-57 

27-57 


-. .Atomic w{. -93 16 x 2=186-32 for, by multiplying the equiv. wt. 
Iiy ilic whole number 2. the atoniic wt. comes in the desired range. 


ExAMi’LE 5. .1 rohtplix sificoti'ioride is isoinorvkous with a similar 

it I ■ A 



^ ft*} 


lu llic silicofluorido Sr?6 of fluorine combine with 12*75 gms. of 
mHcoii 1 ^\x\. o{ fluorine eunibiries with 12*75-r61*76 gms of silicon. 

tho :>tannifluoride c6‘67 um;^, of fltiorino combine with 38*19 gms 
•■i Un, 

1 yni. of fluorine conil)ine5 witli 38*19^36*67 gms of tin. 

.*. Aoconlin^' to Mils'hcrlicirs Law. 


wt. of silicon co mbi nui.: fluorine 

*Al. uf lin combining vNith l’ oMlWine 

^ ^ ^ . 38* 19x51-76 

at. ul. of I ,^ 6 . 07 12.75 X2806=118'6 


at. wt. of tin 
at. wt. of silicon 


hxAMin.E 6. (fic /oH^xcimj dnto (o) WO of 

/^'Tchlorate j/n/./ ni/uc({ein ,10\V,r> gms. of lit/tium chloride, {b) one 
of the chloride rryf/irt of ^lilvtr for complete precipitation 

silver chloride and (V) om gram .tiVn r forjns 1-32S7 of silver chloride. 

r\nd the atomic weight of lithium, .<i7rrr and chlortnCj assuming the formulae 
all thv com pound <, 
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From (a) LiClO, : LiCl = 100 : 39-845. 

i.e. (LiCl+4xl6): LiCi = 100; 39-845 LiCl=42-393 

Now, from (i) LiCl : Ag = l : 2-5446 

or, 42-939: Ag = l : 2-5446 /. Ag = 107-871 

From (c) Ag : AgCl = 1 : 13287 

or, 107-871 : (107-871 + C1) + 1 : 1-3287 /. 01=35454 

Li = LiCl-Cl = 42-393 - 35-454 = 6-939 

With regard to the method illustrated in the abo\c example 
fEx 6) the "student should very elearly appreciate that this in 
simply the fundamental method of atomic weight determination 
he at. wt. = eq. wt. x valency) just presented in a somewhat di>- 
ouised form. For, the analytical data serve the same purpose as 
die determination of equivalent weights or combining ratios and 
die assumption of the chemical formulae of all the compounds is 
exactly equivalent to a knowledge of the valencies. In fact, as 
stressed earlier, all chemical methods of atomic weight determina- 
tion reveal themselves by ultimate analysis to consist of these tu** 
steps either explicitly or implicitly. 

Exercises 

1. DLsdiss the methods of determining atomie ''I'','-'' ‘a 

them ill your opinion is most suitable for cldoriMC. umi. nilr ^ 

i-arbon lospcclivcly. , , . . 

2. What do you know of Diilong and Petifs haw aii.l ‘ ' 
rnei-il a.« a method for the determination of atomic weights of .kitiin .. 

3 Slate Milscherlich’s law of isomorphism and point /'''mi’l'.- 

aiu-e in atomic weight determination Is it necessary to k"';';; 
of the isomorphous compounds m the determination of atomi. w...it , 

this method ? 

4. Two elements A and B form two similar 

In which the percentages of A and B are x and 1/ n. 

and correct the statement, x: ./ = atoimc wt. of A : otomic wl. ^ 

5. Suppose you arc given tw^ sumple-s of water. 

heavy water (D,0) respectively Propose a w.Hvr 

lo pi-ove conclusively that the heavy hydrogen (D) pre cut 


has twice the atomic weight of ordinary h>drogen. ^ 

6 In a planet outside the earth all elements are th^ sainc n-- ^ 

except chlorine which is compose.l of only vn idi' - f 

Stas chosen to carry out his classical ^ ' j,v 

silver (i.e. determination of silver : siher . .^p^ve i i't. w""ld 

ohcmicabi from this planet without any knowlcdg twined ? Pi.oivs 

he have obtained the same value as he had actually ol t me i 
cpianlitatively the percentage difference, if any. 

7. Will the atomic weight table expressed *" V).® "Vrin'cx. iviNc (6) 
of ours, used by the inhabitants of the planet referred m 

be in any way different from our table . „«nd>lnc.ll atoms 

8. Suppose by some catastrophe all "rcnriiu'. w ‘11 it I'f 

nresent in this earth are annihilated except 0 which ,,tnnii<- 

pSe for the people surviving (his catastrophe tx> use (hr s-.m 
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silver and silver chloride obtained from it. Discuss to what extent his 
determined atomic weight value of silver would be in error. 


10. Iron oxide contains 69‘956 per cent iron, 
O’llS. Calculate the atomic weight of iron. 


whose specific heat is 

[55-881 


11. The vapour density of a metallic bromide is 268 (H = l) and it 
■ ontains 89-85 per cent of bromine. Specific heal of the metnl is 0225. 
Find the atomic weight of the metal and the molecular formula of the 
bromide. (Br.=80). [28-2, M. Br.[ 


12. The bromine in 1-9171 gms. of hafnium bromide is equivalent 
to 2-9298 gms. of silver bromide. The atomic weight of silver and bromine 
are 107-88 and 79-916 respecfiveiy. If the specific heat of hafnium is 
appro.x. 0037. deduce the atomic weicht of liafnium and the formula of 
the bromide. ' - [171-6; Hf Br,] 


(Hint; — wt. of Hf : wl. of ArBr : cq. wt. of hafnium: eq. wt. of 
silver bromide]. 


13. A metal forms three volatile chlorides containing 23-6, 38-2 and 
48-3 per cent of chlorine rc.specti\ely. The vapour densities of these 
chlorides (H = l) are 74-6, 929, and 110-6 respectivclv. Find the exact 
atomic weight of the metal and the formula? of its chlorides 

[114-8; MCI, MCI,, MClJ 

14. The fluoride of an element is found to contain 59‘067 per cent of 

fluorine (at. wt. 19) and its vapour is about 6'7 times as heas-y as air at 
tlie same temperature anil pressure. Determine the equivalent weight, 
atomic weight and valence of the element (Density of air at N T P is 
0 00129). ■ [15.2; 79-6] 

15. A incta) is found to form two chlorides w-hich yield on analysis 

'16-37 and 50-91 per cent of the metal. \VI>at is the least value of atomic 
^v•cight tliat is possible f'>r (ho metal. [184-21 

16. Tungsten lrioxi<le contains 79-317 per cent of tungsten and the 

ratio \\ Clj : \\ 0, is 100: 58-487. Calculate tlie atomic weights for 
tungsten and chlorine. [183-99 ; 35-46] 


17. Potassium perrhenate is isomorphnu.^ with potassium perman- 

.aiiate (KMnOj and it contains 64-37 per cent of rlcenium. Calculate the 
aiomir weight of rlieniuni. (K — 39) [186-3] 

18. Ferric alum ami common alum arc isomorphous and the former 
> '•ntains 11-09 per cent of iron and 25-45 per cent, of 'sulphur dioxide 
(SO^) wliilp the latter lontains 5-68 per cent of aluminium and 27-01 per 
tJit of sulphur dioxide (SO.). Calculate the atomic weight of alumiaium 
I'-cn the atomic weight of iron equal (o 55-84. without assuming the 

'oinuila for alum. [26-95] 

19. .-Vn element -t forms a chloride which contains 29-34 per cent 

by weight of chlorine and is isomorphous with potassium chloride. 
Calculate the atomic w-Il'IU ..f .r and explain clearly the theoretical principle 
you use in your calculation. Wliat other experiments would yon suggest 
to confirm the value of the atomic weight. [85'51 


20. A new element ha> only one isotope. Which one of the two 
atomic weight.*, one talcul.ated on the conventional way and the other 
calculated on the pliy.sicist’s scale, is higher. Discuss the principle. 



CHAPTER XXV 

ELEMENTARY PARTICLES: RADIOACTIVITY 


Introduction — Dalton’s concept of the atom as a minute 
indivisible mass, however satisfactory it might have been in 
explaining the laws of chemical combination and in bringing 
order in the divergent realms of chemistry, cannot be regarded 
as an ultimate solution of the problem of atomic structure. In 
absence of definite evidence, the chemists had to remain satisfied 
with this ‘cannon-bair theory of die atom, but now ami again 
science in its onward march met with discoveries whitb were defi- 
nite sign-posts pointing infallibly to some kind of planned 
internal organization for the atoms. 

A new era was ushered in by the discovery of the first sub- 
atomic particle, the electron in 1898 by J. J. Thomson which was 
followed up by a succession of significant discoveries in a few 
related fields, the most important of which are {<i) if‘(' />/ 

discharge through rarefied gases, (b) the pin iiot)ienoii of radio- 
activity, (c) the study of spectra, and [d] atomic disintcgralio'i. 
Some of these will be briefly discussed with special refeiLiue to 
the part they have played in the development of the ctirreiit 
concept of the atom. 

The Passage of Electricity through Gases— H a potential 

is applied across a volume of gas at low pressure 
mm), the electric discharge that takes place cinionies soinc* 
peculiar features. The cathode emits at rigltt angles to^ n-' 
surface a stream of rays, called cathode rays, wltich 'lave, in 
straight lines and produce strong fluorescence at the point oi the 
glass wall where they impinge. If an appar.'in- as slnw. n in 
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Fig. 112 — Discharge (h rough rnrefiod ^ • 

Fig. 112 is used, the cathode rays will travel thro i h 'he '^tits b ai^i 
C and will produce a fluorescent spot at F. That tlie <.uhod^ op 
consist of material particles is strikingly proved by tl)c l i t iIm' 
on being allowed to fall on a suitably placed yaiu tlicy can m .i, • 
it rotate about its axis. These material particle wei< loim 1 i ’ 
be negatively charged and were called electrons and ihu'i. catliocie 
rays are simply a continuous stream of these clectn)ns nioving 
with high speed. 

Determination of c/m of Electrons— \^i'b the ahovo 
apparatus the ratio of charge, e to mass, m of the electron can he 
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determined. If a magnetic field, H is applied at right angles to 
the plane of the paper, the swarm of electrons being virtually an 
electric current, will get deflected at right angles to the field H 
so that the following relation holds, 


H. e. V. = inv'lr 


(l)-XXV 


^vhcTc, r is the radius of curvature of the path and v, the 
velocity of the electrons. If an electric field, X is applied between 
the two plates, D and F so as to exaedy counterbalance the 
magnetic cleficttion, we shall have 

H e = X e ; or, V = X/H ... ... (2)-XXV 


whence v is known, and on substitution of this value of v in 
ccjuation (1) wherein all the other terms are experimentally 
measurable, the ratio tifm becomes known. 

The Nalue of cjm comes out to be i TGOxlO'* coulombs per 
gram aiul ihe most important point is that irrespective of the 
gas used in the discharge tube, the same value of cjm is obtain- 
ed. Hence, it is concluded that electrons arc the common 
constituent of all matter. 

Determination of the Charge of an Electron — The charge ot 
an electron can be measured if the electric effect on it can be 
balanced .against some effect which is uninfluenced by electric 
charge, such as gravitational effect. This was done by Millikan 
(Ibli) by absorbing electrons in oil drops and balancing the 
gravitational attraction on these against an applied electric field. 

The main features of Milliknn’.s apparatus arc shown diagram- 
maticallv in Fig. IKb Oil drops produced by an atomiser, A are 
allowed to get into the space. A between the two electrodes. C. 
and n. Ions are j>roduced in the space, A by X-rays through 
a side windovN, aiul thev get absorbed in the oil drops. By 
observing the vclocitv of settling of a drop under gravity and 



Idi'. J13— Milliknn’s Oil Drop E.xpi’rimcnt 

the vclocitv of upward rise under the influence of an applied 
- electric field between C and D the charge on the oil drop can be 
calculated. Millikan observed the charge on an oil drop to be a 
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variable quantity which is always an exact multiple of the 
electronic charge, e. The most recent value of the electronic 
charge is 4*802 x 10'"® e.s.u. or 1*602 x lO**® coulomb. It is a strik- 
ing fact that this value is also numerically equal to the charge of a 
monovalent ion. Since, an electric charge less than that on an 
electron is never found, this amount of electricity is called umt 
charge, e. 

e = 4*802 X 10'^® electrostatic units 
= 1*002 X 10"*® coulombs 

Mass of an Electron— From the above-deterinincd values oi 
elm and e of an electron, the mass, m is easily calculated and 
comes out to be 9*10x10'=“ gram which is about 1/1800 times 
the weight of a hydrogen atom. Now, \vc have seen in the 
preceding paragraph that the negative charge <.f an electron is 
equal to the positive charge of a hydrogen ion. Ilencc. an electron 
is about 1J1800 times as light as a hydrogen ion, hut has a charge 
numerically equal to that of a hydrogen ion. 

Proton ^We have seen that electrons are the common con- 

stituent of all matter. Since matter as a whole is elec trouieutral, 
these electrons must have a positive counierpart. uhich was 
ulimatcly identified as the positively charged hydrogen atom this 
being the lightest positively charged stable maurial pariulc ever 
nice with, and was named ‘Proton’. That protons are a universal 
constituent of matter is proved bv the nutlcar di^iiuegration 
cxperimcnis of Rutherford (1019) who found that bv bombard- 
ment of some lighter elements with x-partieles. protons are set 
free. Thus a proton has a mass practically equal to thai ot a 
hydrogen atom but has a positive charge luniui itally equal to the 
negative charge on an electron. 

Neutron — It was observed in 1980 that a vci v pciicuating tvpe 
of rav is emitted when beryllium is bombarded hv last »-]).utirUs. 
Irene Curie and F. Joliot (1931), Chadwick Ii0:vi) and oihers 
examined the rays and found them to he composed ot p.uticics 
having no electric charge and a mass equal to that »{ In-drogen 
atom.^ These were called neutrons. With ilu di>.o\eiv o 
neutrons, the then prevalent idea that ihc micln <>1 atoms tonsisi 
of protons and electrons wlucli >vas ali’cacly proxin.i aUTot 

for various reasons, was immedi.atclv discarded an<l it was jmsiu 
latcd that only protons and neutrons build up th niuloif' ' 
neutrons have zero charge, it is ^omctimcs (onsideml as .in 
element of zero atomic number. 

Constituents of Matter —So far we have dis. ussed only ilucc 
elementary particles, electron, proton and neutron Mans ot u r 
elementary particles such as positron, antioroion. intuuiitron 
mesons of various types, neutrino, etc. have been distoveied and 
a few more arc certain to be discovered yet. Houcmt. ordmanlv 
it seems that only five particles arc involved as atomic t (.nstiiuents 
of which three VIZ. electron, proton and neutron are siru<-iural units 

24 
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and two viz. the photon or light quanta and the mesons, are 
cements for these building blocks for atoms. So only the electron, 
proton and neutron, the mass and charge of which are included 
in the table to follow are of importance to chemistry. 

Wc should not be led to think however that our familiar 
world is the only type of matter possible. The discovery of anti- 
proton has suggested the possibility of existence of antimatter, in 
which the nucleus of an atom is negatively charged and is sur- 
rounded by positrons. Even if whole galaxies are made of it, wc 
would never know, as its optical properties would be indistinguish- 
able from ordinary matter. Further in some stars it is known that 
nuclei of atoms arc fused into dense matter called plasma which 
may be thousands of times heavier than ordinary matter (a spoon- 
ful weighing some tons or more). 


PosiiTVE pardch, 
(charges + e) 

1 

Xectral Particles 1 

(Charge = 0) 

Negative Particles 
(Charges — «) 

Proton 

= 1-00758 

Positive Meson 
about 0-1 

Positron 
/«/■«.-' =-0 000548 

1 

Neutron 

1 rnt/s.<= 100897 

(Neutral Meson not known) 

Xkittrino 
mass about 0-0005 
(existence surmised and 
lately proved) 

Anti^prolon 
(Lat42iy detected) 

Negative Meson 
mass about 0*1 

Electron 

Tnass = 0*000548 

Mass givt‘n in Physv atomic ^^eight scale, 0^*=16*0000. j 


Positron — W liili* .stu.iyini; the intoraclion of cosmic rays (a kind of 
i NlriitM'ly i'« iK'Uatinj' i i\ from ovitside the earth) with matter. 

AmiiTSiJii (1952) observ.-.i tli.-it jiiutiiles ftjual in mass to an electron but 
'■'irrj/io'/ uttii jKisttivc '/I'lr./. wire prodiici'd ; they were called Positrons. 

wert' Knter • .'.i.l In be also |iroduced by bombarding lead, 
olc. by th" !t:i:lily jitneiraling y-rays from radioactive thorium 
Til'.' discovery of ’ ‘ itnitis lias iioi however, markedly influenced our 
. iv'v on atomic .slnicturo since jio'-itrons are verv unstable with a life period 
of .iboiit a millionth pr.rt cf a secniui. 


RADIO.'VCTIVITY 

liifroduction — In ISIV* Retcpiercl observed that uranium 
mine rals loniiiiuoi’-lv emit a kind of radiation, which can pene- 
rratc thin sheets ol laatt- r. can afTcct a photographic plate in the 
d.irk and can ioni'c i gas through which it passes, i.e. can make 
ilie gas eonductor c-ln tricitv. Thus, if a radioactive material 
is kept near a pl'ntograjihic plate even as originally packed, tlie 
[>laic- is ‘fogged’. .\ charged gold-leaf electroscope gels also quickly 
discharged near a radioactive material and these may be used as 
simple tests for (1. tceting radioactivitv. This property of emitting 
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active radiation was called radioactivity. Later researches have 
established that these active radiations emanate from the nuclei of 
atoms which are basically unstable and break down into new 
atoms with expulsion of these aaive radiations and release of a 
tremendous amount of energy. We shall shortly study a little 
closely these radiations as also the nuclear transformations which 
originate these radiations. 

It was discovered shortly after, that not only uranium but 
many other elements particularly the then newly discovered 
element radium possessed radioactive property to a j)ronounccd 
degree. It was rightly guessed tliat radioactivity is a nuclear 
phenomenon, since the rate of radioactive change is not influenced 
by any change of imposed conditions, such as temperature, pres- 
sure, chemical combination, etc. 


Radiation from Radioactive Materials —The application of 
electric or magnetic field reveals the fact that the radiation emitted 
by radioactive materials is com- 
posite in nature. The rays when 


subjected to the action of an 
electric or magnetic field (Fig. 
114), arc divided into three 
groups, one called a-rays behav- 
ing like positively charged par- 
tides, another called ft-mys be- 
having like negatively charged 
particles and the third group 
called y-rays remaining unin- 
fluenced by electric or magneiit 
field. Their properties arc sum- 
marised below. 



a.Rays— These arc material partides of mass equal to four 
(hydrogen atom as unit) tarrving 2 units of i^osiiiyc charge, and 
have the least penctratin*; but the greatest ionisation power. 
Rutherford proved com lu'sively by sfyectro-rraphic method that 
<i-rays are really doubly helium ulonr. Since a-rays are 

continuously emitted from radium, uranium, etc. we encounter 
the novel fact that an element helium is pnxIiRcd from another 
element. 


/?-Ray»— These arc more |)enerniing than >-r '.vs 
unit negative charge. They me re-alllv r; strr<im 
out f^m the radioactive nrucriul uitli a nii’' biy 
almost approaching that of li^hr. 


ctrous sho 
h velocit’ 


r 

y-Rays — These are non-m; t<*u:»! ravs \n 

f/*rm nrv * t L *..l. *>tf**ti 


the 'd sense o 

v.er, ])cin 


the term, being hard X-rays , 

V • • X-rav f>|v rnic«i at 


wifh high pcn<it.if.'ig po 
.A .n \'-raV T'lhe 


identical with X-rays produced in an 
very high voltage. 

Nature of Radioactivity of Radium -Tf i ra.hnm salt 
dissolved la water under low pressure, a gas U < ' bed. 1 > i^. ga 
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callcil radon, is an inert elementary substance and has an 
atomic ^veight 22*2. After recovery of the gas the radium salt is 
found to have lost quite a good portion of its radioactivity but 
after sf;:ne time the activity is regenerated and a further quantity 
of radon gas is recoverable. Hence, we see that the gas, radon 
which is far more radioactive than radium is continuously being 



UranlumI UroniumX^ Uranium Xi Urciniumll Ipntum 

4.5xl0V®- iA.idayi. I.lmi. 2.7»IO*y 8.3xl0*y 



Rfldiurn Radon RoolumA RadiumB RadiumC 

1590^ 3.8d 3.0m 268m J9.7m 



Rodium C' Radium D Raium E Polonium Lead 

I•5>l0*'’se4. 22y S.Od I40d tStoble) 


Kij;. 115 — I’rwiioiutivc Decay Series of Uranium 


fiuim i fioiii radium and remains encased in it. and the usuatly 
iib'ctM-d sir(»n '4 rarlioattivity of radium is mostly due to the 
<’t' thi' entlosed radon gas. Since radium has an atomic 
•J2t> and radon. 222 and i-pariiclcs are doubly charged 
I'rliiim aioiiis of mass -I- the conclusion is obvious that radium is 
< ''iMinuiiii-I'. l)riakiug down into two other elements, radon and 
lulimn, I'Ihn was the iirsi instance of an actual transmutation 
I'i eU Mil III otiuiTing in nature, under conditions uncontrollable 
Iw all nu,!:'s ;ii our disposal. 

* il l' rxaminai'nii it is noticed that radon gas is itself 
r.'idii M ti\ I slioois out /-particles. It passes through succcs- 

'i\e ‘ta ( ol ilisintegr.i:’<':i gi\ing rise at each stage to elcmcnis 
"hiih I'u'msilves ru!i‘*a<.ti\e and is ultimately converted into 
I' ail, I , , series of f ansformation is shown above, where each 
< 't .m ui . Muld he ohsi ;\i | ti> emit either an a- or a /i-particle and 
IS a ;< . -It is (omeri it mi-> the next clement ns named in the 

' r\ it ' 

\1' tlu-^e intern'; iliaie products are definite elements differ- 
iu:: fi'im iirdinarv clenunr-i onlv in the fact that their atoms are 
u!i'-!.ii)lc aiul shoot out lithe, i-particlcs or /3'pariiclcs to be 
‘iituerted into .unoilu r « Icment. In fact, Ra A, Ra B. etc. arc 
isotopes of hitherto Known elements and these names are of 
historic import.Tmc only. A more intensive enquiry has shown 



RADIOACTIVITY 


373 


that radium is not the uUimatc progenitor of tins senes but that 
it is itself derived from uranium through a number of steps as 

recorded in Fig. 115. , . 

Radioactivity as Nuclear Transformation— From \vhat has 

appeared in the preceding sections, it is abundantly clear that 
radioactivity is a nuclear property. In fact, radioactivity can U 
defined as a transformation of the nuclei of one atom into anoiltcr 
with the release of a tremendous amount of energy, and usually 
accompanied by expulsion of nucleons, i.e. particles o'^t^'jnable 
from the nucleus. The expelled particles are hcUons (.-particles), 
electrons ()3-particlcs) or photons (y-particles) for naturally radio- 
active atoms but can also be neutrons, positrons, etc. for artihciallv 
radioactive atoms. Tims we can represent the conversion o 
uranium into thorium (the first step in Fig. llo) by the chemical 

equation — 

In the above equation uranium is called the fyirent isotope 

and Thorium („„Th*’*) is called the daughter isotope. 

The Three Natural Radioactive Series —The uranium series 
IFia 115) of which radium is a very well-known member is not t ic 
only radioactive series met with in nature Two other scries, one 
called Thorium series, beginning with Th-- and another called 
Actinium scries, beginning with U-“ are also encountered m 
(Fi‘^ 110). The Thorium scries is also called -In senes because die 
mass number of the member elements arc exact multiples of -I : 
similarly, the uranium series is called -lu-i-2 senes and the actinium 
scries hi + ‘S. The 4n-t-l series has not been louncl m iiaiure 
prcsL.mal.lv because the half life of the longest hung me.nher .s 
too small to have lasted out the geological age of die earth. In 
fact, many radioisotopes do not exist in nature now. though thes 
certainly existed before, owing to too short half-hfc pcnotl. 

It is of interest to note that some common elements. or<h- 
narilv considered nonradioatiivc, contain radioactive isotopes in 
small proportion. A well-known example is ordinary potassium 
vhi deCSs the radioisotope (half-life, 2 s hV vears to 

r extent of as hijjh as 1 ato.n per («11) or so. and tlureforL 
ordinary potassium is distinctly radioactive- 

Rate of Radioactive Change -The rate of 
for all radioactive elements follows a smi|.lc '“’."""'Y ( , 

{vide P. 313), i.e. in any given tnuc a tenant 

number of atoms decomposes with emissiou of . or /i-p..rt.L.<, . 

This can be expressed algebraically as follows— 

or N = 

where N is the number of particles present “I”j ^ 

the total number of particles to start wu i. 
whose reciprocal is called average life. The r. • ^ ‘ 

decomposition is more conveniently expressed as the half Itf 
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period or time of half decay which is the time necessary for the 
radioactive disintegration of half of a given mass of an element. 
The half-life period of radium is 1590 years ; for other radioactive 
elements this may vary from a few million years or more to a 
fraction of a second (Fig. 115). 

Age of the Earth — Since half-life of uranium is about 
4 billion years (4 x 10® years) wliich is unaffected by any external 
factor and since the ultimate produa of this scries is lead (Pb^®®) 
[vide Fig. 115), a determination of the ratio of uranium to lead 
(Pb®“fi) of a uranium mineral gives an idea of the age of the 
mineral, vis-a-vis the age of the earth. Thus, such minerals serve 
as geological clocks, wherein is recorded the time of formation of 
earth. By such means it has been found that our earth started to 
have its birth about 2 to 5 billion (2 to 8 x 10*) years ago. 

Position of the Radioelements in the Periodic Table— It 

is evident from Fig. 115 that radium, an clement of Group II is 



vonvc rial by the emission of an a-particle into the inert gas, radon, 
a /;.i<) group element i.c. liie expulsion of an a-particle displaces 
It t etneiii two steps backward in the periodic table. Similarly, 
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it is observed that by the emission of a /i-particle. the position of 
the new element is one step forward in the periodic tabic. Ihis 
is embodied in the “Displacement law” according to which emis- 
sion of an a-particlc produces an atom two steps l^tkward and 
a /?-particlc, one step forward in the periodic table. This is shown 
for uranium series in Fig. 116. The displacement law is readily 
explained on the assumption that the nuclear charge determines 
the position of an clement in the periodic table and that each 
element has one unit more of positive charge than the preceding 


elem^nt._n^crp^ji conclusion may he drawn from the above. 
Suppose an clement loses an .-particle and two /3-partides con- 
secutively : it will revert to its inirial position but wil be lighter 
ITmass by four. So. these two elements will be identical in 
chemical properties, though differing m mass and such elemenu^ 
arc called iso/ofies. Thus, the discovery of such a large number 
of new elements from a study of radioactivity intmduccs no 
clifTiculiv in assigning positions in the periodic table. Tlicv cither 
occupy yacant spac^^s in the periodic table or are isotopes of 
already known elements and so share places with them. 

Artificial Radioactivity. Nuclear Bombardment-ln 1032 

F ]o\\ot and Irene Curie bombarded boron with fast 
and observed an extremely remarkable result Tbes found tlu 
this has brought about a nuclear reaction producing an isotope of 
nirrogen of Lmic mass 13 with liberation of neutrons. Ihe 

reaction can be symbolically expressed as 

{-.-particle)^ -f (in-w/rnu) 

where the' subscripts arc atomic numbers and 
-itomic masses (Note that there is conservation of both the subs 
cripts and the Lpcrscripts in such equation ; also note that some 
authors write thcSuperscript f.c. atomic mass as a prefix, as for 
example, ‘“jB instead of our ^B' ). 

This result is of great importance for a number of reasons. 
Firstlv this led to the discovery of neutrons. Secomlly, tiis coi 
duswily re.,lity of !:ra„sm.K.,non of elements, .houg . 

Kutherfor^ much earlier in 1919 l>rought about " ' f 

mutation by bombarding nitrogen wuh ..p.armles into oxvge.t 

mass 17 as shown below — 

N'‘+ He* , , 

Thirdly and 'perhap^ of greamst '„;;i 

d^^^ctS -beme ;vid. a bt^-Hfe oi abom 

10 minutes with emission of the short-li\cd i<. 
converted to carbon of mass 13. 

ft* {positron) 

Tims for the first time a radioactive X/t Vi'i'd 'm 

clement was produced. Such radioactivity is c.i prepara- 

indticed radioactivity. This has been followed up bv du pr.p. 
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don of a few hundreds of such artificial radioacdve isotopes rang- 
ing from the lightest tritium {i.c. hydrogen of mass 3, ,H’) to the 
heaviest transuranium elements using various types of missiles. 
viz. neutron. („«*), proton (,p‘). dcuteron a-particlc (,He*), 

etc. Sonic typical examples of artificial radio-isotopes obtained by 
bombarding ordinary elements with various types of particles, are 
listed in the table with their method of preparadon and other 
relevant data. 


{nurJeud & m/sdi/p) 




1 j 

[ Radio clctfivnt ' 
produced ' 

Charoctcrhtic ' 
Radiatioji ^ 

(Tritium) 

1 

S (electron) i 

A”* 

s 

! 

s 

.N'* ' 

» 1 

/j+ {/Hfditrmi) 

j 

a 

P3; 

f t 

,Br- 1 

a 

:.Au-« 

a 


12 years 
5700 years 
„ years 
9’9 mi 
14‘8 hours 
14’3 days 
18 roi 
2'7 days 


Since the bombarded atom very often contains a number of 
isotopes, and since a number of nuclear reactions often take place 

net reaction usually becomes very complicatetl 
•ukI the products become often difficult of identification. A target 
such as natural gold is very convenient to work with as it contains 
only one isotope, for example, by bombardment with neutron 
It undergoes an u. • reaction (i.c. neutron bombardment, expuh 
Sion of y-ravs) followed by electron emission (i^de table, last line) 
to i-kkIuic nuTcurv (Hg*'-”*) .as a single isotope 1(0 & (ii)]. 

(ii : (ii) + 

1 Ik- spriiiuni mT this single isotope of mercury contains lines of 

ui\ M r),.( It lined wavelength which arc nowadays utilised as the 
mt>st act urate standiird of length. 

Application of Radioisotopes — Anv radioisotope is pracli- 
c.) y iflentical in chemical jiroperties wiili its non-radioactivc 
uKHiierpari, hut the former atoms arc self-signalling in the 
» 0 ''' iliai they sign.d their presence in presence of Geiger 
«"!mters or otlur sensitive detectors of radioactivity even when 
pic eijt m minutest (|u;mtitv. v.liich is far hevond the detec- 
tion limit of ordmarv analvtical methods. Even single atoms 
can lie detected. So. the radioisotopes serve as a verv 
[>o-vei-tul tool to follow the fate of a certain element in anv 
!>l.v>ieal. chemual or biological process. Tlie method consists 
It; using labelled or 'tv^^ed' compounds, i.c. samples of a com- 
pound ((.ntanung some proportion of molcenles which contain the 
ladtoisotope of ilic element in cjiicstion and following i.e. iracim^ 
the path of the labelled' atom hv radioactivity-detectors. Such 
inetluKls are liencc called ‘tracer techniques', Sometimes when 
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a suitable radioisotope is not available, molecules arc tagged 
with non-radioactivc isotope, as for example, deuterium for 
hydrogen, and for oxygen, and the tracing is done ss'iih mass 
spectograph. Some typical applications of radioisotopes are briefly 

listed below — 

(1) Chemical Analysis— It has been said that by radio-activalion 
analysis “needless in chemical haystacks’’ ran be precisely picked up. One 
of the methods is to irradiate the sample by a neutron source and identify 
and estimate the expected radio-isotope by its half-life and its radioactivity. 
Submicro quantities of tlic order of KT* i;ni or less of many elements can 
bo c.stimatcd bv this method. 

(•>) Standard of length —Production of single isotope of mercury l).v 
bombarding gold with neutrons, whose spectral lines woul.l serve as staiular.l 

of length, has been already described. 

(3) Low Solubility and Vapour Pressure —Smee 

titles of radio-elements can be easily measured, it is easy to determine \erj 
low solubility values by experimenting with a sample containing » 
isotope. Tli'us solubility of lead chromato can be ea.«ily measured bj using 
a sample containing some radioactive lead. . i. 

(4) IsotODC Dilution Technioue-Wo can illustrate the method by a 
typical example. For example, if we desire to know the total volume of 
blJod in the body wo can add a small volume of a radioactive solution and 
a short while after measure the radioactivity of a known volunio of blood 
The ratio of the total radioactivity injected to the radioactivity per ic * f 
the blood gives tlie total volume of blood in the body. 

5) Mechanism of Rcaction-We may illustrate by a typical example. 
Suppose we de.sire to know if during hydrolysis of an 
occurs at the C-0 bond or at the O H bon<l. We can use H,<) wUh a 
oxvgen ami find out if the 'labelled’ oxygen appears m the 
nicohol. tl is found that the 'lagged' oxygen appears m the acid and so it 
is concluded that a C O bond is severed in ester hydroly.sis. 

R CO OR. -b HOH R CO OH + R.OH 

(M Miscellaneous Applications— Various other applications <.f tracep 
in Physics "loSrv medicine, etc., are increasingly being made 

to obtain ’results wliich arc otherwise ^ 

diffusion constant of metals and ions, 

logical svslcm.s. determination of age of old specimens of wood Inaioi i 

Snim^us* iP» in b^^ 1 uleml ra<Tioiodine Yv^) in thyroid disor<lei-, 

radon, etc., in cancer, and so on, have shown very 

promising results. 

Exercises 

1 N»me at two sob-'ilon,,.- dos, rib,' 

their discovery and discuss their properties. Moctroii wis 

2. Describe how the ratio of charge to mass of ^ ' j 

determined by Millikan. How does I ns value compare with that 
hydrogen ion. Why is this charge called unit charge. 

3 What is radioactivity? Given a piec^.of nnnera 1, how can >ou 

determine by simple experiments if tlic mineral '• . , 1 ,^ 0111 - 

4. Wrile shoVt notis on «-rays_. (ii) HalM.fe u ^a. ...activ e^ <hHom 

position, (i») radioactive equilibrium. \ i’:,.,,!..,. ,,t law 

Uive r^inerils. {v) tracer technique, and (c.) ra.l.oact. e hspla. im m 
fM flive brief account of artificial radioactiMts . t He • 

appIiSlio^s of induced r.adioactivily with special refcvmo to problems 

connected with mechanism of chemical reactions. i, vicr cU menU ’ 

(6) Why is natural radioactivity rnoslly ‘ li^i.ur 

Give one or two examples of the occurrence of radio.ic 

elements. 
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Scattering of a-particles by Matter — ^Very definite indica- 
tions were obtained by Rutherford (1911) on the structure of 
atoms, from experiments on the passage of a particles through 
thin metal foils. The majority of the a-particles pass through 
almost unchanged in direction, except a very small proportion 
which are violently deflected from their path. This is shown 
schematically in Fig. 117, where the dark dots are electrons 

and the unshaded circle the 
nucleus (in reality it is much 
smaller). The a-particlcs A and 
C pass with little deflection 
whereas B which suffers almost 
head-on collision, is violently 
defleaed. For example using a 
gold fail 0004 mm thick one 
Fig. 117— Path of a-parlicles through a-particle in 20,000 was deflect- 
aii atom (black dote are electrons and through 90^ or more. From 
the C.rcio .s the nucleus, not to scale). Rutherford concluded that 

the space occupied bv an atom is practically void allowing un- 
obstructed passage to fast-moving a-particles (and also ;S-particles) 
except for a very small positively charged nucleus occupying a 
negligible portion of tlie total volume ascribed to the atom. He 
made an approximate estimate of the nuclear charge which came 
out to be approximately equal to half the atomic weight. In 1913, 
van cler Brock suggested iliat the nuclear charge is equal to tlic 
serial number of the atom in the periodic table, this serial number 
being flcsignated later as atomic number. 

X-ray Spectra of Elements — The importance of atomic 
numl)cr. however, was first conclusively demonstrated on experi- 
pM-ntal basis by Mosley (1913) from a study of the X-ray spectra 
'•f the elements. If a stream of cathode rays is made to strike 
en aiuicathode made of a particular element, a stream of X-ray, 

• '■ntaining various lines called Kz, Kj8 Lo, L)3, etc.. 

Iiarncterisiic of this element is produced. Mosley determined 
liic wavelengths of some of the principal lines in the X-ray 
•pectra of various elements and found that if the square root of 
irequenev of any particular line, say, Ka in the X-ray spectrum 
‘>f the elements is plotted against their atomic number a 
smooth straight line is obtained, whereas if plotted against the 
atomic weight the resulting curve is an irregular zigzag one. 
His actual results can be expressed by the equation, 


electron 



\'y = a Z-/3 


Mosley's equation. 


I ♦ • 
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where y is the frequency, Z is the atomic number and a and ^ 
arc constants. Conversely, knowing the X-ray spectra of an 
unknown element, the above equation can be used for determin- 
ing its atomic number. 



Fig. IIS— Mosley plot of X-ray Ka line- 


A Mosley plot for some lighter elements is shown in Fig. IIS 
to illustrate the linearity of atomic number and square root of 
frequency of the Ka line. From such a plot Moslcv concluded: 
“There is in the atom a fundamental quantity which increases 
by regular steps from one atom to the next This quantity can 
only be the charge on a central positive nucleus . Thus Mosley 
identified the atomic number as the nuclear charge of the atom. 

Thus following Mosley we find that the fundamental charac- 
teristic of an clement by which its other properties are determined 
is not the atomic weight but the atomic number, which latter is 
equal to the nuclear charge and we have here a simple experi- 
mental method of determining atomic number. All isotopes of 
the same element were found to have the same atomic nunibcr 
irrespcctive of their atomic weights, and very closely rekned 
elements viz. the rare earths were proved to be distinct eUineiUs 
of well-defined atomic number and so. the possible numlK-i ot 
rare earths about which there was a little confusion at the time 
was finally fixed. Also, the classical anomaly in atomic weights 
of such pairs as Co & Ni. Tc & I. etc., with regard to their posi- 
tion in the periodic table disappeared as their atomic numbers 
were found to be in agreement with their position in the lenochc 

table. 

Rutherford Theory of Atomic Structure —We owe m the 
genius of Rutherford our basic idea of the structure of tlie .itom. 
The experiments by Rutherford and bis associates on the sc.mei- 
ing of «-rays by matter as discussed in our opening p.iragr.ip i 
indicated atoms to be void matter with a positive n e larg 
nucleus. From this Rutherford in 1011 conceived the idea that 
the atom consists of two parts, a very snmll /’"f 
nucleus occupying a negligible fraction of the total vo un \ J 
atom, and an extra-nuclear part cojitamtng a numlnr of ,hLt>ons 
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just sufficient to make the atom as a zvhole electroneutral. It was 
suggested by van dcr Brock that the positive charge of the nucleus 
ic equal to its atomic number, i.c. the serial number of the atom in 



Vig. 119 — Lord Rullii'rfonl [1871-19371 

the peritKiic- table, and this was almost immediately confirmed by 
the now classical work of Moslev on X-ray spectra of elements as 
described in the previous para. 

The composition of the nucleus was originally surmised to 
l)c wholly of electrons and protons but with the later discovery 
of neutrons, cvulenccs both theoretical and experimental piled 
up to sho\v that electrons are not j^resent in the nucleus, and the 
latter contains onlv protons and neutrons. One of the simplest facts 
(hat rules out the existence of electrons in the nucleus, is that 
ilu- v(jlumc of an electron is much bigger than that of the nucleus. 
1‘aradoxicallv however, a nucleus can expel electron out of it 
(b’-ray activity) or is capable of absorbing electrons (K-capture). 

Rohr (1913) applied diis idea in conjunction with quantum 
theory with conspicuous success in tjuaiuitaiivclv deriving the 
lines in the spectra of the hydrogen atom and this led to a wide 
acceptance of the i^utherford mtxlel of the atom. Further refine- 
ments were gracluallv introduced in this picture as a result of 
theoretical development in (|uanium mechanics and accumula- 
tion of more precise experimental data. 



NUCLEAR THEORY OF THE ATOM 


381 


Size o£ the Atom and the Nucleus-It is imperative that 
the students should have a clear notion of the^ atomic and 

related dimensions. Atoms are generally 2 to 5 A (Angstroms) 

in diameter (1A=10-* cm). The nucleus is 

sandth times smaller in diameter, and the wavelength of v isible 
light is about one thousand times longer. 

This is easily visualised bv appreciating that if the atomK 

diameter is as iong as a football field, '^"“.t'of a'pea l" 
would OCCUDV a cross section almost equal to tha-. ot a pea. i 
tlds IgnS unit, the wavelength of visible light » nch ,s on^ 
a few hundred millimicrons (nm), will appear to he long enough 
to cover a distance of about hundred miles. 

Some interesting facts come out if we 

of an atom is veritably an empty space and hence ,s olien 
to a miniature solar system. 

Since the whole mass of the atom --."‘'‘f '''^^.ll'thieiron 
evidently this many times as heavy , i^,. „( some 

conversion to our ordinary units would ^ is indi- 

millions of tons per c.c. That j'’;L'*.™‘ re am;irin Sirius, 
rated by the fact that in some of the s ar ■ t r ^ 

where the nuclei arc mostly stripped of ' ^ 

high temperature, the average density is known 

per cubic inch. 

Nuclear Structure —The main features i,„u 

being established by the Rutherford nmdel o tin atom 
discuss the detailed structure of its two regions, t 
and the cxtra-nuclear part. 

The nucleus of an atom is composed of a (h nsr f ^ 
protons and neutrons to give it the necessary protons 

^nec electrons have very little weight m ,,.,.»rckll with 

and neutrons, the weight of the nucleus may . itself, 

fair approximation to be equal to the weigh o ‘ ii„il)le in 

As already pointed oat. the volume of the nude s l 
comparison with the volume of the proton^ 

on the nucleus is equal to its atomic number. • a ch ugc. 

and neutrons have unit mass and onlv the former . 
the nudear structure according to this scheme i . v • 
on the following basis. .. 

(I-) The number of protons in the nucleus '' 
atomic number, since this unll giue the reejumte ^ 

(n) The total number of protons and nfidro«5 is / 
the mass of the atom. 
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The composition of several nuclei is shown in the following 
table, where the atomic number and atomic mass are represented 
respectively by subscript and superscript to the symbol. 


Element 

Syffihol 

A tQmic 
numbtr, 
Z 

Atomic 

‘Weight, 

A 

Number of 
Protons 

Z 

Number of 
Neutrons 
A-Z 

Hydrogen 

1 

.H* 

1 

1 1-008 

1 

0 

Helium 

,He* 

2 


2 

2 

Lithium 


3 


3 

4 

Carbon 

c- 

6 


6 

6 

Nitrogen 

,N- 

7 

14-008 

7 

7 

Oxygen 

. 0 “ 

8 

16-0000 

8 

8 

C-hiorine 


17 

55-00 

17 1 

18 


„ci” 

n 

37 00 

17 

20 


Summing up, if an element has an atomic weight A and an 
atomic number Z, the nucleus would contain Z protons and 
A — Z neutrons, and there would be also Z electrons in the 
cxtraniiclear part rotating in definite orbits to make the atom 
elcctroncuiral. This is illustrated below bv some typical examples. 








ICO — Siruclure of Alums 

riic hydrogoii utoiu which is the hrsl member of the periodic table and 
11 . \ liaFi iUX atomic miinbcr unity, consist*'* of only one [croton in the 
h us and one planetary electron revolviny v(umd it (Fig. 120). The 
proton in the nucleus accounts for the unit mass of the liydrogeii 
ii oh. and gives it unit positive charge. 

'flic lithium atom has an atomic number 3 and hence contains 3 protons 
Hi tile muleus to give a nuclear charge of 3 positive units. Since the 
Atomic mass is 7. the nucleus also contains 4 neutrons. As the nuclear 
positive <harge is 3, there are 3 elect runs revolving round it. So, a lithium 
.itom f'ontains 3 protons and 4 neutrons in the nucleus and 3 electrons out- 

ihc nucleus. 

riie sodium r.tom of atomic number 11 and atomic weight 23 should 
llici(f*»re consist <‘f 11 protons and 12 neutrons in the nucleus to give it 
th»‘ rifpiisite charge arid mass and sliould also have il extranuclear elec- 
trons I Fig. 1201. The structures of a number of ati^ms are also shown in 
Frgs. 120 and 121. 
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Arrangement of the Electrons: Electron Shells— We have 
discussed the structure of the nucleus in the preceding section and 
we now discuss about the arrangement of the electrons outside 



A^. N? 3 
W*.7 



A^. W*. 9 



AA. N9 5 
At. Wt.ll 




At. k?6 

At.wt.n 



At. Wt.20 


Fie. 121— Structure of Atoms of the First PiTiod of tlic 

Periodic Tabic. 


tlic nucleus. Most of our knowledge here has been obtained front 
a study of spectra, which being beyond our scope, we shall briefly 

present the final results. 

The planetary electrons arc arranged in shells or n«gs. also 
called electronic levels or orlnls each of which can hold a definite 
number of electrons. The first shell, called K shell c^n contain 
a maximum of 2 (=2xP) electrons, the ^‘^cond shell cal eel L 
shell, 8( = 2x2*) electrons, the third shell or M shell 18( = -,x.i ) 
electrons and so oh, 

Subshclls of Electrons-E^ch shell (except the first or K shell) 
is divided into two to four subshclls which are gcncrallv callei 
orbitals and are designated as 5, p, d and / orbita s. An .v orltit.al 
can hold a maximum of two electrons and wlicn filled up is 
written 5 ^ a ^ orbital may contain upto six electrons, written 
p* : a d orbital ten electrons, written and an / orbital fourteen 
electrons^ written In this notation the shell number pictiH 
the orbital symbol; thus stands for six 

subshell (orbital) in the second, that is, L shell. The following 
table describes the electronic structure of the first fortv lot 
elements and the first eight are shown graphically 'vHhout the 
finer classificauon of the electrons in the subshcll m Mg. i-i- 
However, an electron docs not enter the outermost ring 
only when the inner ring is filled up ; electrons may )c .it t ( 
to the outer ring even when the innermost rings are unsaturated. 
This particularly happens when the energy levels of the two 
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orbitals concerned, such as id and 5 s levels, 4 / and 5 d, etc. arc 

element potassium the additional electron instead of .'inch n 
i. M CAM b, »■ ta 

maximum saturation capacity is 18 electrons. 

The same buildiuK-up process ' V""" ^ 

n,..nr rilriiim whcrc also the extra-clcctron shoAs prclcrcncc lo 

die 4 s orbital (see Table). With the next element, scandium 

oivcver a reorganization starts and electrons begin to be 

aX to the inner unsaturated 3 d-orbital and j'"* 

"n^idation of the inner 3 d orbital '-Xe*^’Ud 

2r.E£,r 'sEb... b tijs. 

of elements from scoiidmm right up to coppy 
Larded as the first or iron transiUonal elemmts. 

i ;'rE“'EE;wE,r;, 

stated the Period c Law " paiodie table. The 

classification of the elemc » follows- “The physical and 

periodic Law m.y com/^unds .re 

chenitcal properties of or "if the elements arc 

periodic /unctions of t ntnmir -j.-eii'hts- their properties 

Landed in order o/ to -/ 

71 .JL: l.ufL.rn ,nore or less nearly to t/ie some foMe ot 

“f;:irLi:tr;h.h.emL..;fou^^^ 

modern table based on the Aticinnts to improve 

landmark in the progress of t ,ble cniitains nine 

Description of the Periodic . j-cro to eittht 

vertical columns ^^**^^* . called series or ‘periods’, 

and a number of horizontal r _ ,],e solitarv 

m 3 ^rth'e'tfseriif dr'e reli of 'the table can be tlivide.l 
25 



ajIi'DlC TABLE OF ELEMENTS 
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into five complete and one fractional periods, the complete 
periods containing 8. 8, 18, 18, and 32 elements respectne.y. 

Hydrogen for its versatility of properties is placed a one in 

aSd. «. » .1, 

irom Gr O fo Gr. VII, the first period containing c c, .tents iri .n 

cTcmcnVs\‘liffcr tann the 

placed together in Gr. VIII due to the obvious ddlKidtv of fmdii 
a suitable place for them. 

The two long periods are followed by a huger h 

&;-5."rE,srz S = . 5 ;..“ S-a 

§mi7memUr cerium is more abundant than many ordinary elc- 

XI, -ss i;- 

sised by nuclear scientists ,P,) .re well- 

elcments> -, of them A ^se in amniic bombs, 

known through the latters pos perifKl begins \sith 

It Should be poinu.d <»■< ‘^a^ each ' J,, .builogcn 

^r! Va):^:xtS^:4? 8- 1- 

Such a .cY*'>«""“"",[’,\‘;!f\irlh^incr^ in' Gr."o, 

th^-av'^hntrhv 

Gr. II, the halogens in Gr. VII a thorough 

occasionally met with among elements ti lls findmg 

expression in the MendeleelTs periodic Tal.lc. 

Afomic Sfructnre and .Perio^ 

characteristic features of the in rserks and the 

tion of properties from member to member in a 
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wrioclic recurrence of properties at some r^ular inter%-als. The 
‘regular variation is easily accounted for from ^ 
oi the atomic structures of any one period. For c™pie 
consider the structure of the elements of the first period as 
depicted in Fig. 121. It will be nouced that from member to 

member there is a regular increment of one electron ^ 

level. Since the outermost electrons are mainly responsible for 
the chemical properties of an atom, the stepwise variation of the 
electronic configuration of the outermost ring explains remark- 
ably well the oliserved regular gradation in chemical properties. 

The periodic recurrence of properties is also easily explained 
as bcimr due to the recurrence of a similar arrangement of the 
outermost electrons. The truth of this is easily borne out by 
comparing the structures of any group of elements. For example, 
let us consider the electronic structure of the inert gases and the 


Elemrnt 

1 

t 

Alnmic Xuinhcr 

Electron ATTarujcmcnt 

in 

shell 

• 

Noble Gases : 


K 

A 

L 


N 

0 

P 

Q 

Ho 

2 

2 

k ^ 



1 




No 

10 

9 

8 







18 

2 

8 

8 





« V 

K r 

56 

, 2 

8 

18 

8 




i\ 1 

V 

54 

o 

8 

18 

18 

8 



AC 

«6 

2 

8 

18 

32 

18 

8 



.\lkuli Metals 
l.t 
Nil 
K 
lb) 

Cs 

l-r 


3 

11 

19 

37 

55 

87 


‘2 

2 

2 

2 

2 

2 


1 

8 

8 

8 

8 

a 


1 

a 

18 

18 

18 


1 

8 

18 

32 


1 

8 

18 


I 

8 


1, i. ...ilv SL-c. ll.at all inert gas atoms have 
K.iiM or v.ub-group saturated with electrons; and all the alkali 

arc siniilar in structure having an 
; , ,,uhrmost shell. Since onlv the outermost electrons arc 

n-nlv rcMionsIble for the chemical properties of an element, this 
. -^ih.ins the similaritv of chemical properties of elements m the 

line group. 

Atomie Number and the Periodic Law -The existence of 
■i,<, loins' has proved the inadequacy or atomic weights as a 
clnr.iciCTisnc constant of the elements. However, the atomic 
nnmhcr (see next seition) of anv clement is a characteristic 
^on^tant of the element and can be used as a criterion for the 
position of the element in the periodic table. The periodic law 
inav Oil this basis he restated as follows: The physical and chemical 
properties of the elemciils are periodic functions of their atomic 
numbers. Rv arranging the elements in the periodic table on 
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this basis most of the serious anomalies of the table disappear or 
receive an able explanation with reference to its atomic structure. 

Atomic Number -The term was originally 
the serial number of an clement m the periodic tab c. ,1 ‘ 

foregoing picture of the atom it may be seen that this ‘ ; 

her" of die atom is identical with its nuclear charge. Therclort, 
atomic number may be defined thus; -Tie 
any element is equal to the free positive units of 
nucleus of its atom and hence, is also equal to Us ordinal numhi 
in the periodic table. Thus, hydrogen has an atomic mimbei 
unitv helium 2, lithium 3. bcrvlliimi J. ami so on. Liukii \. 
r aton 'ic number is ccpial to the number o protons t.i the 
nucleus as also to the number of electrons outside the niKleiis. 

^hi? t^^ weights 

(vide isotopes) but the atomic number m all sudi eases th 
lame HcLe. instead of Momic wei.^dus atomic numl^er eoi. .1 

be better utilised as a criterion of chemical 

oeriodic table The classical anomalies in the periothc table aboi 

the nositions of argon and [wtassium. tellurium anO 

;lmn‘ ”y vanisl^md the 'positions of the ele, items ft, How the 

natural sequence of their chemical properties. 

Untooes-Pifft-’rent sf>ccimcns of the same element te m > 
diffJ/T^o":::. Lss, J are idenuerd in ad Hiem^al - 

£;r]:^e-ie’rr^toi“her;^ 

dmX and so occupy the same place m the periodic table. 

From the standpoint of radioactivity isotopes cat. he class, he. I 

into three kinds, viz. 

(it) on-radioactive Isotopes 
(6) Naturally radioactive isotopes. 

(c) Artificially radioactive isotopes. 

— -r^vTisiL^ront^ mass 35 an^^ ■'-rtrdi^;;; 

= ^Tirur;^, of^rl ;,nca, „r,,marv 

SrbSoT'Nft^M r^aWe diat fluorine is 

composed of just one type of atom. 
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of 207-2 This is actually the case as lead obtained from 
ai Artificially Radioactive Isotopes —With the 

indicated. i ,k . nf 

Atomic Structure of 'U .he 

c<iuivocolly have the same a.on.ic nu.ober i.e. 

isotopes ol the same eieun.i tharec is wholW con- 

the same nuclear charge. isotopes of the same element 

tributed by the protons, all thc^ i;“7“n„cleus and they d.lTcr 

have the same number o p nucleus Obviously, the 

only in the number of -utrons^ nt the i, 

cxtranuclear structure ^ ‘ I Known isotoix^ 

identical. The following s ^ respectively 

of oxygen (atomic number. 8} ol mass lo. n i 

illustrate this. 


Nucleus 

Oxygen (16) 8 protons+8 neulrons. 

Oxygen (17) •.-8 protons+9 neutrons. 
Oxygen (18) :— 8 prolons+10 neutrons. 


(hitsiiti 

2; 6 = 8 electrons. 
2; 6=8 electrons. 
2 : 6 = 8 electrons. 


tho same chemical nn this slieht .liflercnce in l"’‘’l',7‘ ''■‘"r « 

have to ho necessarily based on . Yvould be quite Um . 1 he clfn icu< y 

is generally increased by is automati. ally uuulc th. 

prilcij^e, such that the of succession of stages snmetunej 

input of the next stage in ^ is similar to (!u- soparato.n of 

well over a few thousand. In pr ' distillation. 

two very closely boiling liquids . -..ntonos in large scat, are 

The most notable examples of uranium whh h contains at.onl ihior' 

(i) the separation of UJ** from ^ ncrdeil for the inariofactur, of 

q, barter per cent of this Xmir^ea clors : and (id do- sc,.aia- 

3tom hornh and also hydrogen from ordinary water, 

tion of lioavy water and so heavy nvorogin 

The methods in general use arc as follows : ^ ^ , 
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This almost insignificant difference is intensified by the t^cade 
and in this way uranium has been separated on a large s^e into its isotopes, 
and U*** by utilising the fractional diffusion of Uri vapour. 

(b) Thtrvuil diffaitm metAorf— The method depends on the principle Uiat 

if a steady temperature gradient is maintained inside a fluid, the 
atoms tends to concentrate from the colder to the ® 

principle has been utilised to develop techniques by '^^ich virtually complete 
Separation of ordinary chlorine into its two isotopes, Cl and Cl was 

achieved. , 

(c) Mas SpeetTonraph mcMod— Since mass spectograph separates the 
isotopes, a suitable device for collecting the isotopes would effect the required 
separation. 

(d) Fractional Ehctrohjfif^ mcMod— Striking results had ^een obtained 

by Washburn and Urey (1932) who applied electrolytic for^® 

se^paration of the isotope of hydrogen of mss 2. called 

deuterium (symbol D). which occurs in ordinary water to the extent of about 
0-02 per cent. The atomic structure of heavy hydrogen is/he same as that 
of ordinary hydrogen except that its nucleus contains a neutron along with 
tho proton to give the extra mass. Water containing 
known as heavy water (D,0) as it is about ten per cent heavier than ordmarj 
water and also differs from it in many physical consUnU (c.y. joelting 
point. 3-8'C: B.P., 10r4OG; etc.). There is also a r.-idioactivc isotope ot 
hydrogen of ma-is 3. called tritium (half life about 12 years), which t. 
produced by artificial means. 

The usual method of preparation of heavy water is 
0-5 molar solution of sodium hydroxide using nickel or nickel and >ton 
electrodes until tho volume is reduced to about ten per cent of the 
original. Tho concentrated electrolyte so produced is neutralised nm ‘ 
earbon dioxide and distilled, and tho distillate is clectrcdysed mU I ' 

lion of some iindistilled concentrated electrolyte to bring the concentra- 
tion to 0-5 N .sodium hydroxide. By repetition of the process eeven times, 
water containing 990 per cent D.O is obtained. 

(c) hofop, Exchmuj, method-^AW the foregoing methods depend on 
difference in phv.dcal properties, but this method depends ^ ^ 

difference in chemical properties between the isotopes. This after 

utilising the usual cascade principle ha.s been developed into quite efficient 
inetlinds for enrichment and separation of various isotopes. 


Exercises 

1 Write down the electronic structure of (he following atoms:— 
fi) Potassium, (u) Calcium, (lit) Aluminium, (ir) Silicon, (r) Arsenic and 

[vi) Astatine. ’ 

2. Write an e.ssay on the relationship between electronic structure and 
positTon of an element in the Periodic table. 

3. DiscMiss the electronic structure of the elements m the first long 
period of tho perioiHc table. 

4. Name the three isotopes of iiydropen and discuss how they are 
obtained and also their .structure. 

5. Discuss the significance of the fact that samples of lead obtained 
from difforent sourcps have lUncrent atomic wcijhU. 

6. If no isotopes were existing, what difference would this fact make 
■0 nur table of atumic weights. 



CHAPTER XXVII 

electronic theory of valency 

Valency : Historical ‘f'ccn^mucl/spcculatccl 

union -. The nature of chemical umon h respoiwblc for 

upon. Dalton tvas “^'i^l^onal naturc^vh^^^^ 

chemical union \\erc P*-*". ‘ ^^.^5 led to the conclusion that 

from his researches on jn nature. Similar ulca 

chemical in 1807 , in his once-ceUbratccl 

was elaborated by ^ ^ dualistic theory, die 

‘Dualistic Theory- for a feu vc-ars u here 

Uheory of tyfyes conform 10 ceriam plan. 

"^-n^Z^-alled hypes’ such as uatcr type, a 

fi.ecl comhining capamy „,,.i uas 

from a study " u^ndsts. and valency or satur.aioii 

gradually adopted by number of hvdroeen atom, uidi v. liub 

tapacity'rvas defined as mnnher^of ^ 

one atom of a gi'cn element was fixed m numlnr . 

the idea that ' tl^e carhon atom and explained the 

s;rucruTc""t mgrnic compounds as due to a mii.ual saturation 

of dieir eombining . no, able advance on our 

Sintlial Dtsfn, niton of VaJ 'tcy „ho 

knowledge was made by ta« < f; „( 3,0ms was a force 

propounded that the fixed direction and patn- 

'acing with definite units of y"" „orc directed unvanls 

ciilarly, the four v,dcncics of ,o,„hedron. Tills idea of lix.d 
the angular points of a regu cmbracctl hv Iferiier in 

S' h" hif cSa^Ll tbeo^'y of the structure of the ...mplex 
inorganic compounds. ^ 

The theory of valency could no ,,is,overy ot 

picture of the atom was developed .K-ctronu 

Electrons and the develo,>ment ^ o ,,, 

structure of the ""ate units of matter .and thus 

combinations in terms of the ultima 

arose the electronic theory o Y . _i |k- eletirunu 

Origin of the *-**'*1“"'' .a fiTHcossel (inll'l and f-ew's (l'’"U 

theory of valency was originated by Rose 1 ^ „ ,, 

and was amplified by ^"^" ,1,0.^1110 union of sodium with 
type* of valency which bnn^. « xm'nc chlorim- moin. ■<) 

chbrinc is certainly not the s^m ‘ formed in the hrst 

carbon, for. the compoum^sodu ,,atcr 

case is a crystaUme, high-mciu ^ 
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forming ions, whereas the second compound carbon tetrachloride is 
a liquid and a typical nonelecirolyic. The former type of valency 
which brings atwut the union between a strongly electropositive 
and a strongly electronegative atom giving rise to an electrolyte 
is called heteropolar valency or electro-valency. The other t»’pe 
of valency which unites two atoms of the same type, (for example, 
two electronegative atoms forming a non-electrolyte) is caliccl 
homopolar vMency or co-valency. 

Electrovalency or Ionic Bond — ^The stablest configuration ol 
electrons is possessed by the inert gases as they have their outer- 
most shell or subshell saturated. Taking for example He (2), 
Ne (2,8) and Ar (2,8,8) we find that all of them have their outer- 
most shell or subshell saturated. Any clement which has got less 
than this number of electrons in the outermost shell, tends to pass 
to the nearest inert gas configuration {i.e. saturated outermo.st 
shell) cither by taking electrons or by giving up electrons. 

The sodium atom has got its K shell and U shell filled up 
and has got only one electron in the outermost M shell. Thus 
sodium appears to have one electron in excess of the nearest inert 
gas and so it may easily give up this electron to pass into the 
nearest inert gas (neon) configuration. Since the atom is as a 
whole neutral this donation of electron will leave the sodium 
atom with unit positive charge i.e., Na"** ion. A chlorine atom 
(2.8,7) on the other hand, has got 7 electrons in the outermost 
.shell and it mav take up this single electron from a sodium atom 
lo Jill up its outermost shell to assume the electronic configura- 
tion of the ne.irot inert gas, krypton. It will thus form negatively 
iharged chlorine atom i.e. chlorine ion. 


-As a result of the electrostatic attraction between opposite 

ih.irgcs. the sodium ion and the chlorine ion will be held tight 

tn ilie crystal l.ittice of sodium chloride and would form sod'uni 
* 

Idoridc crv.stals. Since there are as manv Na'*' ions as CP ions 
'' any macroscopic try.stal of sodium chloride we arc justified to 
wire its formula as Xa"*" Cl", without meaning that the mole- 
cule Na"^ t;r exists as such in the irystal. In fact, in the sodium 
■ ■ride crvstal each sodium ion is equally attracted along three 



. ittuallv perpendieu) T lines bv six chlorine ions and vice versa. 
S,i :i -irong well-baVmccd electrical attraction symmetrically 
disirilmted on all siti; s gives die crystal a high melting point 
and density [vide p. 7*. . 



electronic theory of valency 
The electron transfer may be represented as shown in Fig. 124^ 
The ease with which anTlow 

;tus tendency to otvTnW -<> 

r;r::itsr^sie ^ 

* 'n^ro-u;:!;- In sante as cMottne ate thus easdv 

accounted for. jjs j^vo 

The elements magnesium, ca ’ j' donate to 

electrons in the *|^,tateJ outer.nost shell, thereby 

negative elements havin„ structure, and there^ 

themselves passing valence The outermost electrons which 

.t;l":?hic^!C" ele^:^^rLd^ .rthd samples are 
shown below. 


Na 

+ /s* + 

No 


• # 


A 

# • 

• 

: Cl : 

+ Be + 

:cr 

# • 

• # 



Mg + 



[n.X Eii" [“]* 


[:?;r [-r 





r Ig. — 

. T.OSS or cain of electrons by 

High Values of with successive electrons as 

atoms becomes increasingly . „uar„e. Evidciulv. the 

each loss or gain of <='<=«™e charge is such that tlte low. y the s.re 
effect of the nuclear P°*‘' ™ „ form |-ositive tons, and 

of the atom, the more dtfh™" explains whv in the hrst short 
conversely for negative mns^ Be show positive elevtrovalenes 

ncriod the first two atoms. L anti ut s I clctuovalcnt at .ah. 

H;ir srt’-r 

v“ : 

is known. a simple negative mn wuh 

For similar reasons. However, ihe eOc c 

more than two V* reverse direction to that ol ilie 

1.. - 
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Ions without Inert*Gas Structure -Though most ions as 
explained in the previous para have the electronic structure 
of a noble gas, there are a large number of ions, all cations, with 
other structure. For example, referring to the table on P. 384 it 
would be found that none of the bipositive or high-valent 
ions formed by the elements from scandium to copper has the 
inert gas structure. Thus the stable Cr'*"*'"'’ ion has its outermost 
shell occupied with only 3 electrons. Evidently some other 
forces are operative about which little is known at present which 
determine the stability and the variability of valency of these 
ions. 


Cov^ency: Shared Electron-Pair Bond— G. N. Lewis (1916) 
is the originator of the idea of the covalent bond ; this tvpe of 
bond is so widely operative in chemical combination that he 
called this ‘the chemical bond^. In fact, barring electrolytes 
and intcr-inctallic compounds all other chemical compounds owe 
their existence to tliis type of bond. 

It is evident that clcctrovalcncy can operate only in compounds 
like NaF where the union is between two atoms of opposite types. 
But the large majority of compounds formed by the union of 
similar atoms and showing hardly any sign of ionisation, can not 
be ascribablc to clcctrovalcncy and some other tvpe of mechanism 
must be at play in such compoimds. For example, a fluorine atom 
fombines with another fluorine atom to form a molecule of Fs 
and this ccrtainlv tan not take place by simultaneous loss and 
gain of electron as in clcctrovalcncy. 


i.ewis however solved this enigma by pointing out that atoms 
can pass to the nearest stable electronic configuration (i.e. elec- 
tronic configuration of the nearest inert gas) not onlv by transfer 
of electrons as described in the previous section but also bv shar- 
ing of clei-tron pair. 

For example, if there are two chlorine atoms and supposing 
that botli of them trv to fill up their octer to assume the argon 
structure, it is impossible to do this bv donation of electrons since 
cruli of the two atoms contains onlv seven valence' electrons each. 
Bin tliis is easily realised if thev have two electrons in common 
e ]"ig. below), one of which is contributed bv each atom ; this 
tif a fMiir of electrons would make each atom finding itself 
niTriiiiuled bv an outermost ring of eight electrons though there 
lie in all fourteen electrons. 


: Cl- 

» 

•Cl : — 

— > : Cl : Cl : 

Chlorine 


• • 

t 'hhrlne 

i 'hlftrint’ 

at ton 


atntn 

aht/i ruli 

: N- 

« 

• X • 

— > : N: r ; N 

# 

Xitro^jen 


• 

Xitroijen 

X if fio/en 

atom 



lodt f xtf*' 
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This shared electron pair is the covalent bond and this type 
of bonding caused bv sharing of electron pairs is called covalency. 
This tendency, of most atoms to get surrounded by a 
outermost shell of eight electrons is often referred to as the octet 
theory of valency. Compounds formed by the exercise of cma- 
lency are non-ionising in solution since considerable force tvou d 
l>e reciuired to disrupt the atoms. A nitrogen atom has got onl\ 
five outermost electrons and so two nitrogen atoms can combine 
to form the N.. molecule bv sharing six electrons (sec big abo^cK 
Since each pair' of electrons is cciuivalent to a conventiona chemical 
bond these six common electrons stand for a triple bond. 

Covalency is operating in organic compounds 
number of inorganic compounds. Some very simple but ms rue 
live cases of pure- co-valency are shown below diagrammaticalh 


H 

H : Ci ; H 
• » 

H 

.yethnnr 


H H 

C : :C 
• > • • 

H H 

Kt/iiflf'nr 


: Cl : 

• . . • • • 

Cl : c : C 

. • • • • • 

; Cl : 

< 'nrhon 
tctrachlorifi^ 


ti 

H : X : 

11 


In methane the carhon atom has got its outer rmn 
ft Electrons bv sharing 4 pairs of elettrons n.th hvtlrosen 
Groins Each of the latter has not only two electrons '<>"''■>''>- 
hut these are quite sufficient to saturate its outermost K-sIteil 
to eive it the Electronic configuration of liehum. It ° 
notfd that the sharing f f «.rons chtulEI 

molecule (see diagram). ''\ \.“„ntin.. three or four 

s;f3 S nS, es: * 

contain an even number of electrons. ,a..^rrnnic 

We have written down in the Jci^icccrdm electron 

structures, where for conycniencc »c * n'tcniionaUv repic- 

pair by the convcn^onal line. Wc na\c uuc 

sented water as H^O : instead of H-O-H to bring home >hc 

fact that the two .rstraiS't* angle, 

angle (to be more precise ^ , writes down the 

rE=ci ^’co^^" ompoimds. 
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Covalent compounds, (drrow repTescnU co-ordinate covalency). 
H H 

I 

:0-H 


:0:H or 

« • • • 

Water (Triangular molecule) 

:C = '): 


:S— Cl: 

I •* 

:C 1 : 


• • 


5 1 

Hvdroxyl Ion 

/H 

:N— H 
Ammonia [pt/ramidol) 


;C = '): \ 


Carbon Monoxide 
H * 

H:N:H 


Sulphur Dichloride 
:6::C::0: 

Carbon dioxide (Ztneor) 


:C1: 

I 

:P— Cl: 


• « 


II 


Ammonium Ion (tetrahedron) 


1 


• • 


:U1; 

• • 

Phosphorus trichloride 


11— C:;:C— H 

•0— H 

Acetylene (Linear molecule) 

I •• 


B— 0: 

H— C: : :N : 

1 1 

Hydrogen cyanide 

H-0:H 

(Linear molecule) 

» • 

Boric Acid 

JJ >t-. y 

n : 6— H 

1 1 • • 
:0— Si— 0: 

Ethylene (Planar molecule) 

H 

i 

.. 1 ! 
K— 0 : H 


:S-}I 
% ♦ 

Hvflrogon Sulphide 
• ♦ 

:(): 

t .. 

('!— U: 

ri 

. 0 : 

• « 

iChloric Acid) 


;()— H 

I 

C 

/-N 

() : 0 — II 
• • • * 

(Carbonic Acid) 


• • 

Orthosilicic Acid 
;’6— H 


:(n— 0. 

t •• 


:C\ 

1 

•O 


-O 


;&-0: 

i H 
: 0 : 

• « 

(Sulphurous Aciu) 

H 

• « 

n-.c-.n 

11 1 

I ^ ft 

HiC— 

• « I • • 

H I 

H;C:H 

4 4 

H 

(Trimctliylamine oxidof 
.Cl— O : 

I •• 

: 0 : 


(ThV molpcule of ch! rine dioxide containing an odd ^ 

ilcitrons in all throe posMl.lo forms, called by the general term, 
form;i, is shown. The acUial moleuile >s a rc?cn<»ico fiybrtd of the 

forms x'ide P* 402 ). 
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Shape of Molecules— Wc have already seen that the elc trons 
in an atom are said to be in orbitals which are designated rs s. p, 
d f etc. (vide Table on P. 384). The s orbital can accommo- 
date only one pair of electrons {i.e. two electrons 
whereas the p-orbital can accommodate three such pairs. How- 
ever, the s-orbital is spherically symmetrical roun-l the nuc.cus 
like the skin of an orange, and so it is non-directional so far as 
an approaching atom is concerned. 'Inc />-orbuals ho\^c^c^ arc 
shaped like three dumb-bells at right angles to one anotlicr. 
Hence, p-orbitals _prcfcr certain direction in space and so mo e- 
culcs formed by tlie exercise of />-orbitals have non-hnear geometri- 
cal shapes. Thus, the water molecule is V-shaped whereas ammonia 
is pyramidal. The shape of many inorganic complexes arc ex- 
plained on such basis. 

The Nature and polarity of the covalent Bond -Though wc 
have so far described the electron as a particle it would 1 c no 
in Le?hne with reality if each electron rotating m an orbit i. 

conceived ^of as a cloud of negative charge round the 
maximum concentration of the electron cloud being on the orbit. 
The c^Tron pair l>ond may then be looked upon as a coiue - 
rr-ition or overlapping of a major portion of the two e c tron 
clouds This concentration of electronic charge keep^ i ic two 
nositivelv charged nuclei together and stands for the (omen- 
nonal chemicafbond. This ‘smearing’ out’ of the electron round 
rile nucleus is a necessary consequence of the quantum me b in - 
^Representation of the atom and arises out of the uncertainty 

about the exact location of the eleevon. 

The electron pair representing the chemical bond should not 

S™,;. aTh si 

sVi .i 

Difficulties of the. Octet theory of CovaJcncy-Thc^^^^^^ 

theory is not without its dimculties. O sirU rconformitv 

the following three types of bchav our not in sm ^ 

with the ocTet theory ■”°'“t%learons in "he ^ 

electrons, (6) atoms with less than ciR eiirlit clii irons, 

most valency shell and (c) atoms with more than ckIu 

(a) Odd-elcctron mo/ecn/ct-As already P"''’'';' 

?e"acdve, are''wghl7colorcd and ate paramagnetic. Stahihsation 
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by resonance [see later) certainly plays a part in their occurrence 
in the free state {lAde the structures of CIO 3 on P. 398)* 

(b) Atoms u-ith Incomplete Shells^For reasons already ex- 
plained (sec P. 396) the compound BF, is not electrovalent, and 
^o it is covalent. The boron atom however has here, as in many 
Other boron compounds* only an incomplete shell of six electrons 
in the outermost shell. Such compounds are however highly 
active and behave as electron acceptors (P. 401). though their 
structure is none too clear. 

(c) Atoms u’ith expanded Valency Shell— There are many 
well-known compounds, viz.. PCU. SF,. OsO,. etc., which must be 
conceded ten. twelve and sixteen electrons respectively m the 
outermost shell. Similar violation of octet rule is obscrNXd m 
the case of many iodine comjjounds. e.g. iodine penta- and hepta- 
fluoride (IF^. IF^). tri-iodide ion (I3"). etc. Such behaviour is 
also common among heavier metals whose outermost shcU 
is known to lie theoretically capable of accommodating many 
electrons It is gratifying however to note that no such expan- 
sion of shell takes place with the elements of the first short period 
in accordance with theory which sets their maximum capacity 
to be 8 electrons in the valency shell. 

Co-ordinate Covalency —There is another type of co-valency 
called co-ordinate covalcncy or semipolar bond or somcam« 
dative liond iji which' the common pair of electrons is suppUed 
},v one of the two atoms held together ; this type of valency 
ustiallv exists in complex compounds. The sulphate ion, 
ISO “"] is an illustrative e.xample, where the oxygen atoms arc 
lielci to the central sulphur ion by this type of valency. 


S; u 

* « 

itiTi Oxygen atom 


;0:S:0: 


: 0 : 


SO 


io« 


Some more esaniples arc shown in the case of a few oxvaci s 
nn V. while .'einipitlar bond has been indicated by arrow 

iuMiad of the lomi'niional line signilving that botli the electrons 
b.-wc been conirilmte 1 bv one of the atoms. As Far ^ the 
'-rringth of the bond -s eoncerned it makes no difference whether 
ilie bonding electron jviir has been supplied bv both the atoms 
or bv one of the auuiis aiul so co-ordinate covalcncv is as good as 
; (>\ aleiu'V and there is no neccssitv to distinguish the two. except 


for .-ju'cilic purpose. 

,\nothcr illnstraiivc example of co-ordinate covalcncv ^ is 
supplied bv the combination of trivalent boron compotmds 
have onlv six electrons in the outermost shell of boron, with 
compounds like NH^. PCI,, etc. which contain a lone pair of 
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electrons, to give molecular compounds like BF, -NH,. BCl, 
etc. as shown below: — 


401 


-PCI,. 


Cl 

Cl 

Cl 

Cl 

Cl : P: 

+ B : Cl 

II 

Q 
• • 

: 

* ft 

B:C1 
« • 

• « 

Cl 

Cl 

Cl 

Cl 


ResoDflnce— Very often the same compound can be repre- 
sented by a number of alternative electronic 

Sses the actual behaviour of the molecu e a composite o all 

the alternative structures. Here, the X. e is 

resonance hybrid of the possible structures and the ‘ 

said to have^ resonance between tlie two or more clcuronic striK- 
tures The importance of resonance comes from the fact that 
molecules possessing resonance are found by quantum medt.inita 
rafulatSnr; an extra decree of stabilitv, -- .he .note 

equivalent are ^e resonating structures, the more stable 

actual molecule. 

Thus, ozone can be represented by two rcson.iting forms. 
These are 


* # 


0 = 0 : 

1 

: 0 : 


0 — 0 : 

li ■ 

:0 


characteristics of a single as well as a double bond. 

The student should carefully note that ozone docs not 
contain a mixture of the above JP" ;,",i,a?iout 

can be 1. .indlie. though 

ESShSJ — • “"t-r ';£»*.££ 

understanding. A green glass p ate. ..-.Ufj^v and a blue gla-b 
exactly the same as a contbmatton o vellow _and 1^ ^ 

etio^n Vf“'brue Td 7l.ow“' iust lis the actual molecule is a 
combination of the contributory resonating forms. 

Resonance is verv common among oxygen .atoms 

” co'i- I'r Somr 'Im e^ampSes arc sbm?n below 

For' CO: ft may be noted that the first two for, ns be.ng eqm 
Lent are more important than the third form. 

26 
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• « 
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• « 

:N=N=:0: 

N = N— b; 

• • 

:N=C=b: 

• • 

N=C-b; 

• • • • 

• • • * 

:0-S=0: 

« « • • 
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COa 

CS, 

NaO 

;N— C = 0 CNO- 
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The theory of resonance is now widely used by organic 
clicmists and has been quite successful in explaining varied facts. 


Hydrogen Bond — ^The hydrogen atom though traditionally 
monovalent shows a variety of phenomena which indicate that 
in some compounds its behaviour is in effect that of a bivalent 
atom. The earliest of such idea was advanced to explain the 
weak basic nature of ammonium hydroxide in contrast to the 
quaternary ammonium hydroxides. Thus NH^ combines with 
a water molecule to form the covalent compound NH^OH. which 
is only very sparingly ionised. 

NH, + H,0 — > H 3 N..HOH 4 =^ [NHJ+ + OH- 

In the compound H 3 N...HOH. one of the hydrogen atoms is 
behaving like a bitovaleiu atom, a bridge l)etween the oxygen 
and the nitrogen atoms. In quaternary ammonium hydroxides. 
s;iv. XlCHd^OH no such bridge formation is possible and so the 
latter arc stronglv ionised and behave as bases practically as 
'trong as caustic soda. 

Sucii hydrogen bond is responsible for the association of 
I IF. M„0, alcohols, etc., as shown below, ice being whollv ol 
'iructurc (ti). Dimcrisaiion of acetic acid (iiV) or other fatty acids is 
also ascribed to such Itvdrogen bonding. Manv unusual facts of 
itiganic chemistry, particularly the special physical properties of 
ortho- compounds arc casilv explained on this basis. For examp’e. 
" nitro phenol and salicvlaldehvdc are easily volatile in steam 
whereas tiic para-isomers are not, and this is casilv explained bv 
\irtunl six-membered ring formation through hvdrogcn bond. 


(.) n-F,.H-F. 


H H 

i I 

Hi) M-H 0-H. . 

(in) CH.C 


\ 


o H— 0 

0— H 0 




4 ^ 
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(iv) 0-nitrophenol, 


H 

\/\o/ 


(u) SaHcylaldehydt 


0 

\/\g/ 

H 


It is to be noted that hvdrogcn bond is operative only for 
bonding highly electronegative atoms, viz.. F.O.N and some- 
times Cl. The explanation that the hydrogen bond A-H-B is 
a resonance hybrid of and A-H...B is not acceptable 

because the hydrogen atom is hardlv ever midway between the 
two atoms ; neither is a truly bicovalcnt explanation acceptable 
on theoretical grounds. It is generally believed that the mechan- 
ism of hvdrogen bond is electrostatic in origin, the bare proton 
owing to its positive charge attracting negatively charged atoms. 
Hvdrogen bond however is quite a weak type of bond having 
a bond energy of only 4 to 10 K-cal. as against 50 to 100 K-cal for 

ordinary covalent bonds. 


Exercises 

1 Write sliorl notes on (i) atomic nmnlicr. (u) isotopts. di/l v,.lence 
electrons. (O’) electronic formula, (r) resonance, and {r,\ hydrocen bond. 

2. Give an account of the modern views rejarditij: valency. 

3 Write a short efisav on variable v.nleiicv as explmncd in the theory 
of atomic structure. Clearly explain what you understand bv electro.valenc> 

and covalcncy. 

4. Write a short essay on Dalton's atomic thoore in the bffhl ''t 
modern discoveries in [ihysical science. 

What 13 meant bv the atomic number of an element? Discuss the 
statement that the atomic number of an element is more fundanioiital than 
Us Tomic liKht. How is tl.c oto.nio noml.or of on olnmont doU.rnun.d. 

fi Write the electron dot formula f.>r each of the following' covalent 
compou.l"-(‘o <'HC1„ C,H., H,S, Nn O, (f,) LiCl. C„0. KM.:! ,, ond 

BH - ion, Sr ion. 0." ‘O**’ , .i f . 

7. From Lewis idea of covalency ^ive an explanation for the 

that inlorhaloKcns contain an oven number of atoms in a m m 
iiA polylialicU* ions contain on odd number. 
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llast’s method, 198 
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itegnault's method for gas 
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ituversible reactioiis, 208 
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Sequestration of ions. 264 

.“solid solution. 170, 237 

.Solubility curves, 168 

—product, 269 

Specific conductance, 245 

.Specilic heat of gases. 19, 100 
— refraction, 83 

- -rotatory power. 82 

— volume, 75 

.Stationary state, 322 

Sirtugtb of acids, 295 

Siiblim.'ilion, 234 

Sulphur, phase diagram of, 236 

Surface tension. 76 


Xhurmoneulrality, law of, 120 

Tie lines, 156 

Tracer Technique, 377 

Transition point, 60 

Transport number 248 

Triple point, 233 

Troutions r^e, 89 

Tyndall phenomenon, 350 

Unimolecular reaction, 312 

Ultrafiltration, 355 

Ultramicroscope, 350 


Valency, 392 

Van der Waals equation, 28, 49 
Vaul Hofi's factor, 204 

— theory of solution, 179 

Vapour density determination. 33 
Vapour pressure lowering, 185 

Victor Meyer's method. 35 


Water, ionic product of 263, 301 
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— , phase diagram of 233 

X-ray analysis of crystals, 65 

X-ray spectra of elements, 379 
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Thermodynamics, 
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